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INTRODUCTION 


Recovery  is  a term  popularly  used  to  identify  the  process  of  arresting  a state  of  motion  and  bringing  to  rest  a 
valuable  object  (payload)  by  means  of  a deployable  aerodynamic  decelerator.  Both  minimal  damage  and  retrieval 
are  implied  in  the  recovery  purpose  and  Concept,  hence,  recovery  often  incorporates  provisions  to  soften  the 
impact  of  landing  and  to  disconnect  the  decelerator  after  landing.  The  payload  may  be  an  airborne  crewman,  a 
data  capsule,  a supply  package  or  an  entire  air  vehicle.  Its  state  of  motion  relates  to  the  performance  limits  of  the 
payload  carrier  defined  by  an  envelope  of  achievable  speed  and  altitude  conditions  for  stable,  normal  flight,  or  in 
an  emergency  for  unstable,  erratic  flight.  Recovery  usually  employs  a parachute  as  its  principal  component,  but 
other  types  of  deployable  aerodynamic  decelerators  are  also  used.  Tne  definition  of  recovery  extends  to  arresting 
the  motion  of  aircraft  or  payloads  on  or  near  the  ground  by  means  of  a parachute.  Thus,  recovery  is  a sequence 
of  events  which  may  include  deceleration,  stabilization,  steady  descent  in  atmosphere,  landing,  locating,  retrieval 
and  sometimes  refurbishment  if  the  purpose  of  recovery  is  to  enable  use  of  the  recovered  object,  over  and  over.  t 
In  some  recovery  cycles,  the  descending  parachute  is  intercepted  in  mid-air.  thus  modifying  the  nature  of  the 
landing  event  and  expediting  retrieval.  A recovery  system  is  the  combination  of  special  components  incorporated 
in  and  integrated  with  a flight  vehicle  system  to  effect  recovery  of  the  vehicle  or  its  payload  under  predictable 
conditions  considered  during  its  design. 

The  role  of  recovery  varies  according  to  application  and  is  closely  allied  to  the  development  progress  of  the 
parachute.  Initially  developed  as  a nscue  device  for  airmen  in  trouble,  when  aircraft  were  relatively  slow  and 
escape  was  easy,  the  parachute  has  kept  pace  with  expanding  requirements  imposed  over  the  years  by  aircraft  I 

capable  of  higher  speeds  and  altitudes,  demanding  materials  resistant  to  increased  temperature  and  loads  without  j 

a penalty  in  weight.  Today,  recovery  provides  not  only  "emergency  rescue",  but  also  "expediency"  as  exempli-  i 

fied  by  delivery  from  air  of  personnel  and  equipment  in  military  actions  or  firefighting,  and  “economy"  in  the 
operational  reuse  or  development  of  air  vehicles.  Recovery  also  provides  numerous  minor  roles  in  special  applica- 
tions, e.g.,  retardation  or  slow  descent  of  an  object  or  instrument  "on  station"  such  as  an  illumination  flare  or 
wind-drift  target. 

The  purpose  of  this  handbook  is  to  serve  as  an  authoritative  reference  for  all  aspects  from  application  to  design 
definition  and  development  of  recovery  systems  and  components.  The  initial  chapters  present  the  state-of-the-art 
by  describing  representative  recovery  applications,  components,  subsystems,  materials,  manufacture  and  testing. 

The  final  chapters  provide  technical  data  and  analytical  methods  useful  for  predicting  performance  and  presenting 
a definitive  design  of  selected  components  into  an  installable  and  operable  recovery  system. 

Background 

The  history  of  parachutes  dates  back  to  medieval 
days.  Earliest  evidence  from  Chinese  archives  indi- 
cates that  parachute-like  devices  were  used  as  early  as 
the  12th  Century.  Pictorial  evidence  of  the  drag 
device  principle  appeared  in  the  sketchbook  of 
Leonardo  da  Vinci  in  1514,  but  historic  records  show 
actual  implementation  occurred  late  in  the  18th 
Century,  in  experiments  and  by  exhibitionists  jump- 
ing from  balloons.  The  years  of  experimentation 
with  parachutes  until  the  start  of  the  20th  Century 
produced  little  more  that;  crude,  unreliable  devices. 

Early  parachutes  were  held  open  by  a rigid  frame- 
work. These  were  gradually  replaced  by  versions 
which  introduced  the  central  vent  for  improved  sta- 
bility and  all  flexible  types  which  could  be  folded  and 
packed  in  a bag. 


When  World  War  I began  in  1914,  airmen  did  not 
carry  parachutes.  Postwar-time  improvements  in  life- 
saving parachutes  were  rapid  and  many  features  were 
introduced  which  are  in  common  use  today  including 
static  line  and  pilot  chute  deployment,  harness  attach- 
ment, and  bag  containment.  Experiments  continued 
in  the  U.S.  which  resulted  in  acceptance  in  1919,  of 
the  "free"  parachute  system,  released  from  the  pack 
by  the  operator  after  he  jumped.  Testing  of  this  para- 
chute type,  and  further  experimentation  with  other 
types  continued  in  this  country  and  abroad.  The  first 
parachute  which  was  standardized  by  the  U.S.  Air 
Service  after  extensive  development  effort,  was  of 
the  seat  type,  for  use  by  pilots  and  crew  members. 
The  first  service  type  parachute  became  standard  in 
1924  and  consisted  of  a pack  containing  a flat  circu- 
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lar  solid  cloth  canopy  of  bias  cut  silk,  24  feet  in  diam- 
eter, incorporating  a three-point  harness  release. 
A later  version  was  increased  to  28  feet  in  diameter. 

As  early  as  1928  it  was  apparent  that  parachutes 
for  such  specific  applications  as  premeditated  jumps 
(paratroops)  and  airdrop  of  supplies  had  to  be  devel- 
oped. Experiments  and  development  of  parachutes 
for  these  applications  were  limited  in  the  United 
States  until  1940  when  an  official  paratroop  training 
program  was  established  at  Fort  Benning,  Georgia. 
Also,  concerted  attempts  were  made  to  airdrop  mili- 
tary equipment  of  significant  weight,  which  led  to  the 
use  of  larger  parachutes,  and  to  arrangements  of 
canopies  in  clusters. 

For  many  years  silk  was  the  favored  material  for 
parachutes.  Unavailability  of  silk  led  to  experiments 
with  man-made  textiles.  Rayon  was  used  for  cargo 
parachutes,  and  by  the  end  of  1942,  most  other 
materials  were  being  replaced  by  nylon. 

Prior  to  1940,  steps  taken  to  design  and  produce 
parachutes  were  primarily  unscientific  and  arbitrary. 
The  cut-and-try  approach  prevailed  and  the  only  pre- 
requisite for  parachute  design  and  construction 
appeared  to  be  a knowledge  of  the  sewing  trade.  Not 
until  the  beginning  of  World  War  II  was  emphasis 
placed  upon  the  scientific  approach  to  parachute 
design  and  performance  prediction.  The  Germans 
and  British  deserve  credit  for  initial  adherence  to 
scientific  investigations  to  establish  more  funda- 
mental aspects  of  design  and  operation.  Most  major 
developments  in  parachutes  tc  satisfy  diverse  applica- 
tions have  occurred  during  and  since  World  War  II. 

The  British  varied  canopy  shape  and  cloth  porosity 
to  optimize  opening  reliability  and  limit  stress  in 
personnel  parachutes.  Their  investigations  produced 
extensive  data  on  the  phenomena  of  squidding  and 
filling  rates.  Their  workmanship  and  construction 
techniques  were  well  developed. 

Two  unique  parachute  types,  the  ribbon  parachute 
and  the  guide-surface  parachute,  originated  during  the 
war  in  Germany.  Both  types  were  developed  to  a 
high  degree  of  excellence  after  theoretical  study  and 
experimental  effort.  Because  of  its  excellent  stability 
, characteristic,  the  guide-surface  parachute  was  em- 
ployed operationally  for  trajectory  control  of  bombs, 
mines,  torpedoes  and  missile  components.  The 
ribbon  parachute  was  first  used  effectively  for  in- 
flight and  landing  deceleration  of  manned  gliders. 
With  further  use,  reefing  was  introduced  and  develop- 
ed to  reduce  parachute  opening  loads  and  to  add  a 
means  to  control  glider  ground  approach  angle  and 
speed.  The  ribbon  parachute  also  provided  good 
stability  and  wss  soon  applied  to  deceleration  control 
of  conventional  aircraft,  and  later  to  jet  aircraft. 
First  attempts  to  recovei  guided  missiles  or  missile 
components  (V-1  and  V-2)  vere  successfully  accom- 


plished in  1944  using  ribbon  parachutes,  as  was  stabi- 
lization and  deceleration  of  the  first  ejection  seat  in 
early  1945.  Concurrently,  extensive  theoretical 
efforts  were  pursued  by  the  Germans  to  ar.alyze  the 
operation  of  parachutes  and  to  obtain  .undamental 
knowledge  about  their  aerodynamic  behavior. 

Since  World  War  II,  the  scope  and  extent  of  re- 
search and  development,  particularly  in  the  United 
States,  has  experienced  a sizeable  increase.  in  order  to 
keep  pace  with  advancements  in  aircraft,  ballistic 
missiles,  and  spacecraft  of  various  kinds  The  primary 
center  for  research  and  development  in  the  area  of 
parachutes  and  recovery  technology  has  been  and  still 
is  at  Wright  Field.  Other  government  agencies  also 
have  pursued  research  pertaining  to  their  area  of  spe- 
cialization in  the  recovery  field. 

During  the  1950’s  the  US  Air  Force  (Parachute 
Branch,  Equipment  Laboratory,  Air  Materiel  Com- 
mand) conducted  or  sponsored  a number  of  projects 
designed  to  develop  operational  parachute  systems 
for  a variety  of  applications.  These  ranged  from 
emergency  escape  of  aircraft  crew  members  to  the 
delivery  of  military  personnel,  equipment  and 
weapons  by  airdrop,'  and  including  the  in-flight  and 
ground  retardation  of  jet  aircraft  as  well  as  recovery 
of  target  drones  and  missile  components.  The  cluster- 
ing of  parachutes  of  all  sizes  and  nearly  all  types, 
became  standard  operational  procedure  for  final  stage 
airdrop  applications  of  heavy  equipment  or  vehicles. 
However,  major  emphasis  was  placed  upon  efforts  to 
extend  the  operational  capabilities  of  textile  para- 
chute canopies  into  the  supersonic  and  high  dynamic 
pressure  flight  regimes  with  applied  research  programs 
to  increase  fundamental  knowledge  in  the  field  of 
aerodynamic  deceleration. 

As  the  speed  and  altitude  ceiling  of  aircraft  in- 
creased, concepts  for  emergency  escape  of  crew 
members  became  more  complex.  Recovery  of  high 
speed  missiles  and  research  vehicles  presented  a new 
challenge  to  the  performance  capability  of  para- 
chutes. In  order  to  satisfy  temperature  resistance  and 
shock  flow  transition  stability  requirements  which 
develop  with  supersonic  to  hypersonic  air  flow, 
special  canopy  shapes  and  structures  were  investiga- 
ted. Some  of  the  more  successful  high  speed  drag 
devices  were  balloon  shaped  and  could  not  be  classi- 
fied as  parachutes.  Other  non-parachute  decelerator 
concepts'"  included  rotating  blades  and  trailing  rigid 
cones.  Thus,  the  initially  singular  parachute  field  was 
broadened  into  what  is  now  recognized  as  deployable 
aerodynamic  decelerator  technology.  With  the  ad- 
vent of  higher  speeds  and  altitudes,  recovery  was 
accomplished  with  stages  of  deceleration  in  order  to 
control  and  limit  peak  loads.  A drogue  parachute  was 
deployed  to  provide  stabilization  and  initial  retarda- 
tion prior  to  main  parachute  deployment.  Additional 


deceleration  stages  were  possible  by  deploying  the 
parachutes  in  a temporarily  reefed  state. 

The  1960's  and  1970's  saw  the  successful  utiliza- 
tion of  aerodynamic  decelerators  to  meet  the  con- 
tinued challenges  of  higher  velocities,  higher  altitudes, 
and  more  complex  operational  parameters.  This  was 
the  result  of  the  broadening  of  knowledge  in  engineer- 
ing and  scientific  approaches  to  analyze  and  predict 
the  performance  of  parachutes  and  other  aerodynamic 
decelerators.  The  use  of  this  knowledge  manifested 
itself  in  the  success  of  sophisticated  recovery  programs 
such  as  the  Apollo  spacecraft,  when  the  world  wat- 
ched the  return  of  men  from  the  Moon.  Signifi- 
cant advances  in  high-glide,  guidable  decelerators 
were  made  by  the  introduction  of  ram-air,  airfoil 
types  of  “parachutes".  Pilots  and  aircrew  members 
enjoyed  the  increased  safety  of  reliable,  though  more 
complicated  emergency  escape  systems.  The  intro- 
duction of  Kevlar  threads,  fabrics,  and  webbings  as  an 
alternate  for  Nylon  has  opened  up  new  possibilities 
in  the  production  of  stronger  and  lighter  aerodynamic 
decelerators  for  use  where  exceedingly  stringent  vo- 
lume constraints  exist 

Parachute  Data  Bank 

The  sources  of  information  used  in  this  Handbook 

may  be  found  in  the  List  of  References.  Most  Ref- 
erences are  available  to  '->e  public  through  normal 
channels  from  originating  agencies  or  on  request  from 
the  Defense  Documentation  Center  (DDC).  There 
were  numerous  reports  reviewed  in  the  process  of 
composing  the  Handbook,  whicn  including  the  refer- 
ences. constitute  a Bibliography  of  literature  consid- 
ered useful  on  the  subject  of  parachute  and  recovery. 
The  bibliography  is  maintained  in  an  up-to-date  list- 
ing as  the  basic  source  of  information  employed  in  a 
computerized,  data  storage  and  retrieval  system 
known  as  the  Parachute  Data  Bank.  The  Data  Bank 
currently  stores  only  design  details  and  performance 
information  extracted  from  the  various  bibliographic 
sources.  A FORTRAN  extended  program  provides 
highly  flexible  and  very  selective  retrieval  of  stored 
data.  Procedures  for  utilization  of  the  Data  Bank  are 
outlined  in  Reference  192.  The  Data  Bank  will  be 
found  most  useful  on  those  problems  which  have  con- 
fronted the  recovery  system  designer/investigator 
who  needs  performance  data.  The  involvement  in 
laborious,  haphazard  data  searches  may  be  grestly 
reduced.  Coordination  between  the  Data  Bank  and 
various  organizations  throughout  the  technical  field 
should  focus  attention  on  more  precise  terminology 
as  well  as  more  meaningful  data  reporting  and  even- 
tual accession,  whether  of  a narrative,  numerical, 
logical  or  tabular  nature. 


Units  of  Measure 

Throughout  the  Handbook,  the  English  units  of 
measure  (feet,  pounds,  seconds)  predominate.  How- 
ever, the  most  commonly  used  units  from  both  the 
English  system  and  from  the  metric  system  (centi- 
meters, grams,  seconds)  are  listed  in  Table  A with 
their  abbreviations  as  used  throughout  the  Handbook, 
and.  the  conversion  factors  for  translating  values  into 
units  of  either  system  are  given  in  Table  B. 

Earth  and  Planetary  Environments 

Aerodynamic  deceleration  devices  may  be  em- 
ployed over  a wide  range  of  altitudes  and  Mach  num- 
bers. For  greatest  effectiveness,  they  should  operate 
in  a region  where  the  density  of  the  atmosphere  is 
sufficient  to  produce  a positive  and  continuous  resist- 
ance force.  In  Earth's  atmosphere,  the  density  even 
above  600,000  feet  altitude  will  decelerate  a relative- 
ly large  aerodynamic  drag  device  and  alter  the  t.ajec- 
tory  of  its  payload.  The  atmospheres  of  Venus  and 
Mars,  although  different  from  Earth's  atmosphere, 
have  been  penetrated  with  instrumented  vehicles 
using  parachutes,  and  the  gravitational  forces  and  the 
atmospheric  properties  of  these  and  other  planets  are 
of  interest  for  recovery  purposes. 

In  space  flight  applications,  the  effect  of  exposure 
to  long  duration  ambient  vacuum  and  temperature 
gradients  on  a stowed  recovery  system  may  be  partial 
strength  loss  due  to  out-gas  or  aging  of  some  polymer- 
ic materials  and  finishes. 

Properties  of  Earth’s  Atmosphere.  The  atmosphere 
as  a fluid  blanket  surrounding  Earth  varies  in  density, 
temperature,  viscosity  and  to  a small  degree,  in  com- 
position according  to  distance  above  the  surface.  The 
best  current  estimates  of  the  variation  of  atmospheric 
properties  with  altitude  are  given  by  the  1976  US 
Standard  Atmosphere56®  Table  C summarizes  mean 
pressure,  density,  temperature  and  the  speed  of  sound 
as  a function  of  geometric  altitude,  Z Geometric 
altitude  is  the  physical  distance  along  the  line  of  force 
due  to  gravity  which  is  a straight  radius  line  at  the 
poles  and  at  the  equator,  but  bends  polewards  as  lati- 
tude is  increased,  influenced  by  the  combined  effects 
of  gravity  and  centrifugal  force  on  the  atmosphere. 
Geopotential  altitude,  H.  differs  in  numerical  value 
taking  into  account  the  variation  of  acceleration  due 
to  gravity. 

Atmospheric  density  is  expressed  in  slugs  per  cubic 
foot,  when  a slug  is  a gravitational  unit  of  mass  in  the 
fps  system,  and  a pound  force  can  impart  an  accelera- 
tion of  one  foot  per  second  per  second.  At  sea  level, 
p,  the  symbol  for  density  equals 0.00237689  ibs  see2 
ft4,  or  slugs  1 ft1.  Values  in  Table  C represent  an 
average  of  the  overall  relevant  data  without  spatial  or 
temporal  variations.  Measurements  were  obtained  568 
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by  a variety  of  techniques  and  the  accuracy  of  the 
data  summarized  in  Table  C is  estimated  to  be  ±10 
percent.  Although  inaccruacy  increases  with  altitude, 
mean  densities  have  been  generally  confirmed  by 
ooservations.  Temporal  variations  of  the  atmospheric 
density  and  density  variations  with  latitude  deserve 
considerations. 

The  variation  of  ambient  temperature  with  alti- 
tude is  a significant  factor,  as  is  true  of  all  atmospher- 
ic parameters,  tfu,  temperature  ct  any  specific  loca- 
tion and  time  may  be  somewhat  different  from  that 
given  in  the  table,  due,  for  example,  to  seasonal  and 
latitudinal  variations.  The  dominating  influence  upon 
the  temperature  is  the  sun:  the  intensity  and  angle  of 
incidence  of  the  sun's  rays  on  the  surface,  and  the 
duration  of  exposure. 

Typical  ground  wind  velocities  for  various  cities  in 
the  United  States  are  given  in  Table  D as  these  are 


important  factors  influencing  the  terminal  portion  of 
a decelerator  operation. 

Physical  Relationships  of  Planets.  Gaseous  atmos- 
pheres surround  the  major  outer  planets,  and  some  of 
their  large  satellites.  Except  for  Venus  and  Mars, 
densities  of  planetary  atmospheres  are  unknown, 
although  some  knowlege  exists  of  gaseous  composi- 
tion through  occulation.  Table  E gives  physical  rela- 
tionships of  Venus  Mars  and  Jupiter  in  terms  of 
Earth  data.  Applications  of  recovery  incorporation 
for  the  purpose  of  aiding  atmospheric  penetration 
and  descent  should  consider  environments  in  transit 
as  well  as  the  properties  of  the  gaseous  media  of 
performance.  Interplanetary  vacuum  varies  from 
10” 13  Tor  at  lunar  distance  to  10”23  Tor  absolute 
pressure. 


TABLE  A UNITS  OF  MEASURE 


Liquid  Measure 

US  gallons  (gal) 
liters  (I) 

/ 

Mass  (Weight,  AvoirduDois) 

ounces  (oz) 
pounds1  (lb)  or  (Ibm) 
grains  <gr) 
tons  (t) 
grams  (gm) 
kilograms  (kg) 

Force 

pounds  (lb)  or  (Ibf)  ‘ 
Newtons  tN) 

Velocity 

*eet  per  second  (ft/sec)  or  (fps) 
miles  per  hour  (mi/hr)  or  (mph) 
knots  (kt) 

meters  per  second  (m/sec) 
kilometers  per  hour  (km/hr) 


Length  Measure 
mil 

inches  (in) 
feet  (ft) 
yards  (yd) 
miles  (mi) 
nautical  miles  (nm) 
micron 

centimeters  (cm) 
millimeters  (mm) 
mefers  (m) 
kilometers  (km) 

Density 

pounds  per  cubic  inch  (lb/in1) 
pounds  per  cubic  foot  (lb/ft1) 
grams  per  cubic  centimeter  (gm/cm1) 

Cubic  Measure 

cubic  inches  (cu  in)  or  in1) 
cubic  feet  (cu  ft)  or  (ft1) 
cubic  centimeters  (cu  cm)  or  (cm1) 
cubic  meters  (cu  m)  or  m1) 


Temperature 

degrees  Fanrenheit  (°F) 
degrees  Kelvin  (°K) 
degrees  Centigrade  (°C) 

Pressure 

pounds  per  square  inch  (lb/in3)  or  Ipsi) 
pounds  per  square  foot  (lb/ft3)  or  (psf) 

Acceleration 

feet  per  second  per  second  (ft/sec3) 
meters  per  second  per  second  (m/sec3) 

Square  Measure 

square  inches  (sq  in)  or  (in3) 
square  feet  (sq  ft)  or  (ft3) 
square  yards  (sq  yd)  or  (yd3) 
square  miles  (sq  mi)  or  (mi3) 
square  centimeter?  (sq  cm)  or  (cm3) 
square  meters  (sq  m)  or  (m3)  , 
square  kilometers  (sq  km)  or  (km3) 


TABLE  ' TYPICAL  GROUND  WIND  VELOCITIES  IN  CONTINENTAL  U.S.  (Cor.t’d) 


Key  West 

11.3 

122 

Little  Roc1; 

8.2 

65 

Miami 

9.0 

74 

Minneapolis 

10.6 

92 

Nashville 

7.9 

73 

New  Orleans 

8.4 

, 98 

New  York 

9.5 

70 

Omaha 

10.9 

109 

Philadelphia 

9.6 

73 

Portland  (Oregon) 

7.7 

88 

St.  Louis 

9.5 

91 

San  Diego 

6.7 

51 

Spokane 

8.6 

59 

Washington.  D.C. 

9.3 

78 

Mt.  Washington  (N.H.) 

35.2 

231 

TABLE  E 

PHYSICAL  RELATIONSHIPS  OF  PLANETS 

Earth 

Venus 

Mars 

Jupiter 

Mean  distance  from  Sun 
(compared  to  Earth)  * 

91.416  x 10*  mi 

.7228 

1.5233 

5.2025 

Orbital  eccentricity 

.016 

0068 

.0934 

.0484 

Orbital  inclination  to  Earth  orbit 

3.40° 

1.6* 

Mean  orbital  velocity 

18.50  mps 

21.76  mps 

14.99  mps 

8.11  mps 

Mass  (compared  to  Earth)  ■ 

13.184  x 10*4  lb 

.3167, 

.1073  . 

317.93 

Diameter  (compared  to  Earth)  » 

7918.2  mi 

.95 

.531 

10.95 

Density  (H2O  * 1) 

5.519 

5.256 

3.907 

1.337 

Density  (compared  to  Earth)  - 

344.5  Ib/ft* 

.9524 

.7188 

.2422 

Gravity,  surface,  Earth  » 

32.117  fpsJ 

.9049 

.3627 

.2305 

Escape  velocity 

6.3  mps 

3.2  mps 

Side-real  period 

365.26  days 

224.7  days 

1.881  years 

11.861  years 

Axial  inclination 

23.45° 

179° 

25°  12' 

3.117* 

Rotational  period 

23.934  hours 

243  days 

24.62  hours 

9.842  hours. 

~!  1 


TABLE  B WEIGHTS  AND  MEASURES 


Length  Measure 
1 mil  = .001  inch 

1 foot  =12  inches  = 30.480  centimeters  = .3048  meter 
1 yard  = 36  inches  = 91 .440  centimeters  = .9144  meter 
1 mile  = 1760  yards  = 5280  feet  = 1609.344  meters  = 1.609  kilometer 
1 nautical  mile  = 6076.10  feet  = 1.5078  statute  mile  = 1.851S952  kilometer 
1 meter  =100  centimeters  = 3.28084  feet  = 39.37008  inches 
1 micron  = 0.000001  meter  = 0.00003937  inch 

Square  Measure 

1 square  foot  = 144  square  inches  = .092903  square  meter 
1 square  yard  = 9 square  feet  = . 836127  square  meter 
1 square  mile  = 640  acres  = 2.590  square  kilometer 
1 square  meter  = 1 .9599  square  yard  = 10.76391 1 square  feet 

Cubic  Measure 

1 cubic  foot  = 1728  cubic  inches  = 28,316.846  cubic  centimeters 
1 cubic  meter  * 35.314674  cubic  feet  * 61 ,023.749  cubic  inches 

Liquid  Measure 

1 US  gallon  = 231  cubic  inches  = 3.78541 18  liters 
1 cubic  foot  = 7.48  US  gallons  ■ 28.31488  liters 
1 liter  = 1000  cubic  centimeters  = 61 .023755  cubic  inches 
1 liter  = .0353198  cubic  foot  = .2641721  US  gallon 

Mass  (Weight,  Avoirdupois) 

1 ounce  * 437.5  grains  = 28.349  grams 
1 poOnd  =16  ounces  » 453.5924  grams  = .4536  kilogram 
1 ton  * 2000  pounds  = 907.20  kilograms  * .9072  metric  ton 
1 kilogram  » 1000  grams  * 2.204622  pounds  = 35.273958  ounces 

Velocity 

1 foot  per  second  * .6818181  mile  per  hour  - .3048  meter  per  second 
1 mile  per  hour » .8689784  knot  = 1 .609  kilometer  per  hour 
1 knot  (nautical  mile  per  hour) » 1.1 5078  statute  mile  per  hour 
1 meter  per  second  ■ 3.28084  feet  per  second  * 2.2369363  miles  per  hour 
1 kilometer  per  hour  = .5399581  knots  ■ .6213712  miles  per  hour 

Acceleration 

1 foot  per  second  per  second  * .3048  meter  per  second  per  second 
32.174  feet  per  second  per  second  * 9.80665  meters  per  second  per  second 
1 meter  per  second  per  second  ■ 3.2808398  feet  per  second  per  second 
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TABLE  B WEIGHTS  AND  MEASURES  (Cont'd) 


Force 

1 pound  = 4.44822165  Newtons 
1 Newton  = .22408089  pounds 

Pressure 

1 pound  per  square  inch  = 144  pounds  per  square  foot 
1 pound  per  square  inch  = .68947571  Newtons  per  square  centimeter 
1 pound  per  square  foot  = 47  880258  Newtons  per  square  meter 
1 Newton  per  square  meter  = .0208854  pound  per  square  foot 

Density 

1 ounce  per  cubic  inch  = 1.7299621  grams  per  cubic  centimeter 
1 pound  per  cubic  foot  = 16.C  18467  kilogram  per  cubic  meter 
1 gram  per  cubic  centimeter  = 62.427955  pounds  per  cubic  foot 

Temi>erature 

0 degrees  Fahrenheit  * 255  deg'ees  Kelvin  » -18  deorpes  Centigrade 
32  degrees  Fahrenheit  * 273  degrees  Kelvin  = 0 degrees  Centigrade 
0 degrees  Kelvin  * -459.67  degrees  Fahrenheit  =»  -273  degrees  Centigrade 
(degrees  Fahrenheit  “ 9/5  degrees  Kelvin  -459.67) 

(degrees  Kelvin  ■ 5/9  degrees  Fahrenheit  +459.67) 


TABLE  C PROPERTIES  OF  EARTH'S  ATMOSPHERE  AS  A FUNCTION  OF  ALTITUDE 


Altitude 


Pressure 


Density  *- 
/ii  \*S 


Temp. 


Speed  of 
Sound 


Zft 

H.  ft 

P.  Ibs/ft’ 

p,  slugs/ft1 

W 

r.  °F 

cs,  ft/s«c 

0 

0 

2116.22+0 

.237689  -2 

1.0000  +0 

59.000 

1116.45 

1000 

1000 

2040.86 

.230812 

1.0148 

55.434 

1112.61 

2000 

2000 

1967.69 

.224088 

1.0299 

51 .868 

1108.75 

3000 

3000 

1896.67 

.217516 

1.0453 

48.303 

1 104.88 

4000 

*4000 

J&ZTO 

1827.75 

.211093 

1.0611 

44.738 

1100.99 

5000 

4999 

1760.87 

.204817 

1.0773 

41,173 

1097.10 

6000 

5998 

1696.00 

.198685 

1.0938 

37.609 

1093.19 

7000 

6998 

1633.08 

.192695 

1.1106 

34.045 

1089.26 

8000 

7997 

1572.07 

.186845 

1 1279 

30.482 

1085.32 

9000 

3996 

1512.93 

.181133 

1.1455 

26.918 

1081.37 

10000 

9995 

1455.60+0 

.175555-2 

1.1636  +0 

23.355 

1077.40 

11000 

10994 

. 1400.09 

.170110 

1.1821 

19.793 

1073.42 

12000 

11993 

1346.24 

.164796 

1.2010 

16.231 

1069.43 

13000 

12992 

1294.12 

.159610 

1.2203 

12.669 

1065.42 

14000 

13991 

1243.65 

.154551 

1.2401 

9.107 

1061.40 

150O0 

14989 

1194.79 

.149616 

xxxvijj 

1.2604 

5.546 

1057.36 

TABLE  C PROPERTIES  OF  EARTH'S  ATMOSPHERE  AS  A FUNCTION  OF  ALTITUDE  (Cont'd) 


Z.  ft 


16000 

17000 

18000 

19000 

20000 

21000 

2200G 

23000 

24000 

25000 

26000 

27000 

28000 

29000 

30000 

31000 

32000 

33000 

34000 

35000 

36000 

37000 

38000 

39000 

40000 

41000 

42000 

43000 

44000 

45000 

46000 

47000 

48000 

49000 

50000 

51000 

52000 

53000 

54000 

55000 

56000 

57000 

58000 

59000 

00000 

61000 

62000 


Altitude 

Pressure 

Density 

Temp. 

Speed  of 

P V* 

Sound 

‘ 'j 

H,  ft 

P,  Ibs/ft1 

p,  slugs/ft* 

[Pol 

T.  °F 

cs,  ft/sec 

15988 

1147.50 

.144302 

1.2812 

1.985 

1053.30 

16986 

1101.74 

.140109 

1.3025 

-1.575 

1049.23 

17984 

1057.48 

.135533 

1.3243 

-5.135 

1045.15 

18983 

1014.67 

.131072 

1.3466 

-8.695 

1041.05 

j 

19981 

9732.75  -1 

.126726  -2 

1.3695+0 

-12.255 

1036.93 

20979 

9332.66 

.122491 

1.3930 

-15.814 

1032.80 

21977 

8946.02 

.118365 

1.4171 

-19.373 

1028.65 

22975 

8572.49 

.114347 

1.4418 

-22.931 

1024.48 

23972 

8211.72 

.110435 

1.4671 

-26.489 

1070.30 

24970 

7863.38 

.106626 

1.4930 

-30.047 

1016.10 

25968 

7527.14 

.102919 

1.5197 

-33.605 

1011.89 

26965 

7202.56 

.993112-3 

i 5471 

-37.162 

1007.65 

27962 

6889.64 

.958016 

1.5751 

-40.719 

1003.40 

28960 

6587.75 

.923680 

1.6040 

-44.275 

999.14 

29957 

6296.69-1 

.890686  -3 
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APPLICATIONS 


Recovery  systems  cover  a wide  range  of  applications,  including  landing  deceleration  of  aircraft,  the  Earth  lan- 
ding of  the  Apollo  crew  module,  and  airdrop  of  personnel  and  equipment  as  representative  examples.  All  re- 
covery systems  have  one  component  In  common,  a deployable  aerodynamic  decelerator.  The  decelerator  may 
be  single  or  multiple  ballistic  parachutes,  a gliding  parachute,  a self  inflating  or  pressure  inflated  dreg  balloon, 
mechanical  dive  brakes,  rotors  or  umbrella  type  devices  that  can  be  stowed  and  unfurled  for  operation. 

The  type  of  recovery  system  used  depends  upon  a number  of  factors,  including  the  type  of  body  or  vehicle  to 
be  recovered,  the  recovery  operational  envelope,  the  experience  and  available  knowledge  from  similar  recovery 
systems  in  the  applicable  technical  field  and,  often  more  important,  the  time  and  funds  available  for  develop- 
ment. The  latter  may  dictate  use- of  a more  proven  conventional  system  in  preference  to  a ugher  performance 
(lower  weight,  volume,  toad)  but  less  proven  system.  Each  recovery  system  selection  and  development  should 
take  into  account  and  evaluate  such  requirements  as: 

System  reliability 

Performance  envelope  (supersonic  operation,  high 
altitude  performance,  stability,  glide  capability,  no 
impact  damage,  etc.) 

Low  parachute  opening  and  ground  impact  loads 
Landing  accuracy 

Low  recovery  system  rr*  volume 

Simplicity  of  design 
Location,  flotation,  survival  gear 
Multiple  reuse 

Simplicity  of  maintenance,  operation  and  refur- 
bishment 

Prime  system  interface 
Automatic  checkout 

Resistance  to  environmental  and  battle  damage 
Long  time  storage  capability 
Suitability  for  military  operation 
Low  development,  acquisition  and  life  cycle  cost 

Different  recovery  system  applications  have  a different  priority  rating  for  the  afore-listed  requirements.  For 
example,  a system  that  providea  the  primary  meant  of  landing  personnel,  such  st  the  parachute  system  for  a 
manned  spacecraft,  will  have  reliability  as  the  highest  priority.  An  sirdrop  system,  where  the  payload  may  cost 
lam  than  tho  recovery  system  will  by  necessity,  strew  acquisition  cost  and  reuse  in  multiple  operations  for  low  Ufa 
cycle  cost.  The  difference  in  maintenance  cost  it  well  demonstrated  in  the  comparison  between  the  1%  hour 
packing  time  for  a 100-ft  diameter  airdrop  parachute  and  the  30  hours  required  for  densely  packing  an  83.5  diam- 
eter Apollo  main  parachute. 

This  chapter  contains  descriptions  and  discussion  of  a number  of  recovery  systems,  many  of  which  are  or  have ' 
bean  operational.  Recovery  system  applications  are  grouped  in  technical  areas  of  vehicle  recovery,  emergency 
escape  from  aircraft,  airdrop  of  personnel  and  aquipment,  aircraft  decelerat  or)  and  control,  mid-air  retrieval  and 
special  applications.  Each  section  contains  a discussion  of  typical  requirements  for  the  application,  special  design 
approaches  and  a daacription  of  specific  recovery  systems  within  the  particular  application  group.  Specific  recov- 
ery systems  were  selected  o ased  on  operational  experience,  uniqueness  of  concept,  performance  requirements  and 
also  on  the  availability  of  data  to  the  authors  and  the  technical  community  in  general. 
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VEHICLE  RECOVERY 

Vehicles  that  have  employed  recovery  as  a neces- 
sary sequential  function  include  target  drones,  remote- 
ly piloted  vehicles,  missiles,  sounding  rocket  payloads, 
manned  or  unmanned  flight  mission  controlled  by  a 
* pilot,  or  an  autonomous  on-board  guidance  unit, 
prior  to  using  the  recovery  system. 

Recovery  of  Target  Drones  and  Remotely  Piloted 
Vehicles. 

Target  drones  generally  are  small,  reusable,  ground 
controlled  air  vehicles  in  the  200  to  2000  lb  class  that 
simulate  the  optical,  electromagnetic  and  electro- 
optical  signatures  of  operational  aircraft.  Their  flight 
performance  frequently  duplicates  that  of  existing 
aircraft  in  order  to  provide  realistic  target  practice  for 
air-to-air  and  ground-to-air  weapons.  Target  drones 
are  flown  in  friendly  territory,  on  controlled  test 
ranges  and  recovered  in  designated  areas;  they  fre- 
quently receive  aerial  damage  due  to  target  practice. 

Remotely  piloted  vehicles  (RPV's)  are  ground  or 
air-launched,  use  ground  control  or  autonomous  navi- 
gation, weigh  up  to  7,000  lbs  and  perform  reconnais- 
sance. electronic  countermeasure,  strike  or  other 
mission  functions  in  support  of  operational  aircraft 
They  are  more  sophisticated  than  aerial  drones,  carry 
more  sensitive  electronic  equipment  and  fly  over 
hostile  territory  in  combat  areas.  RPV  velocities 
range  from  50  knots  to  high  subsonic  speeds. 

Economy  of  operation  is  achieved  by  maximum 
reuse  of  both  vehicle  types,  usually  facilitated  by 
recdvery  with  minimal  damage,  using  a simple  retriev- 
al method  and  requiring  minimum  refurbishment  cost 
and  time.  The  following  requirements  are  typical  To 
meet  this  goal: 

Recovery  capabili*.  from  any  point  in  the  total 
flight  performance  envelope  (for  target  drones  that 
may  be  partial'y  damaged  in  target  practice). 
Minimal  damage  to  vehicle  or  on  board  equipment. 
Simple,  low  cost  recovery  system  I’lsigh  of  mini- 
mum weight  and  volume  which  can  be  easily 
installed. 

Capability  of  long  time  storage  and  operation 
under  extreme  environmental  conditions 
Cost  effective  retrieval  and  refurbishment  cycle. 
Landing  accuracy. 

Insensitivity  to  combat  or  target  practice  damage. 
Lowlife  cycle  cost. 

Representative  Systems.  Several  typical  target 
drone  and  RPV  recovery  systems  are  described  in  the 
followirg  paragraphs. 


KD2R-5  and  MQM-74C  Target  Drones.  The  first 
target  drone  of  the  US  Armed  Forces,  becoming 
operational  in  1943,  was  the  Radioplane  QQ-2.  By 
1950,  this  original  drone  had  developed  into  the 
Army  and  Air  Force  QQ-19  and  later  the  Navy 
KD2R-5  aerial  targets  weighing  approximately  350  lb 
at  recovery  with  a maximum  velocity  of  slightly 
above  200  knots. 

The  MQM-74C  target  drone,  developed  during  the 
1960's,  has  a recovery  weight  of  360  lbs,  a maximum 
velocity-of  500  knots  and  carries  more  sensitive  elec- 
tronic equipment  than  the  KD2R-5.  An  efficient  30- 
ft  diameter,  fully  extended  skirt  parachute  lands  the 
MQM-74C  at  a sea  level  rate  of  descent  of  22  fps. 
The  target  drone  impacts  at  an  angle  of  65  degrees  to 
the  horizontal  ar.d  uses  a crushable  fiberglass  nose 
cone  as  an  impact  shock  attenuator.  The  pressure 
packed  parachute  is  stowed  in  a removable  fiberglass 
container  located  on  the  upper  side  of  the  fuselage  in 
front  of  the  vertical  stabilizer.  Command  from  the 
ground  controller,  or  an  emergency  command,  de- 
energizes a solenoid  that  releases  the  spring  loaded 
clamshell  doors  of  the  MQM-74C  parachute  compart- 
ment. The  spring  loaded  pilot  chute  ejects,  opens 
behind  the  vertical  stabilizer  and  extracts  the  reefed 
main  parachute:  The  parachute  system,  including 
pilot  chute,  bridle,  riser  and  ground  disconnect, 
weighs  17  pounds. 


The  MQM-74C  recovery  system  is  also  used  in  the 
KD2R-5.  tigure  1.1  shows  the  arrangement  and  the 
main  dimensions  for  both  the  MCM-74C  and  the 
KD2R-5  recovery  sjystems,  the  difference  being  that 
the  .MOM-74C  parachute  employs  reefing  and  the 
KD2R-5  parachute  without  reefing,  uses  a skirt  hesi- 
tator  and  a different  vehicle  attitude  at  landing. 
Deployment  of  the  main  parachute  past  the  vertical 
stabilizer  is  controlled  by  pilot  chute  drag  force 
which  keeps  tension  on  all  elements  of  the  deploying 
main  parachute.  A smooth  stabilizer  with  no  pro- 
truci  i.g  parts  and  a slanting  leading  edge  prevents 
snagging  of  the  parachute.  An  automatic  ground  dis- 
connect disengages  the  parachute  at  landing  to  pre- 
vent ground  dragging  in  high  surface  winds.  The 
ground  d seen nect  dev ice  works  on  the  load  relaxa- 
tion principle  8nd  has  a built-in  time  delay  to  prevent 
disengagement  duijing  parachute  opening.  Water 
flotation  is  accomplished  on  the  KD2R-5  by  water- 
proof compartments.  The  MQM-74C  floats  in  a hori- 
zontal attitude  by  means  of  a water-tight  nose  section 
housing  all  electronic  equipment  and  a (stored)  gas 
inflated  flotation  bag  attached  to  the  tail  of  the  vehi- 
cle. The  land  anil  water  recovery  system  of  both 
target  drones  has  proven  to  be  reliable,  simple  in 
operation,  and  easy  to  maintain  and  refurbish.  A 
simple  recovery  system  of  this  type  is  usually  Suitable 
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Figure  1. 1 Recovery  Configurations  for  MQM-74C 
. and  KDR-5-- 


for  lightweight  vehicles  where  emergency  high  speed 
parachute  deployment  * is  not  required  and  where 
relatively  large  parachute  opening  and  impact  ioads  of 
approximately  10  to  20  g's  can  be  accepted. 

U.S.  Army/Fairchild  USD-5  Reconnaissance  RPV. 

The  Aircraft  Division  of  the  Fairchild  Corporation  in 
the  early  1960's  developed  for  the  US  Army,  a recon- 
naissance drone  with  a maximum  speed  of  500  knots, 
a launch  weight  of  7800  lbs  and  a side-looking  aerial 
radar,  as  the  pi  ime  sensor.  The  recovery  system  con- 
cept was  determined  by  the  following  requirements: 
The  radar  sensor  necessitated  limiting  the  para- 
-chute  forces  to  3 g's  and  the  landing  deceleration 
to  8 g's. 

Direct  ground  contact  of  the  drone  had  to  be 
avoided  to  prevent  structural  damage  when  landing 
in  rough  terrain. 

The  recovery  system  .must  be  deployed  from  a 
compartment  in  front  of  a laige  vertical  stabilizer. 
A high  speed  recovery  system,  covering  the  total 
flight  envelope,  was  'equired  for  the  development 
flight  test  phase. 

The  recovery  system  was  fully  qualified  in  a series  of 
recovery  system  tests  1 and  drone  flights. 

A cluster  of  two  78-ft  diameter  conical  full- 
extended-skirt  parachutes  lowered  the  vehicle  with  a 
landing  weight  of  4800  lbs  at  a rate  of  descent  of  22 
fps.  Airbags  were  used  for  ground  impact  attenuation. 
Figure  1.2  shows  the  parachute  and  airbag  system. 


1.  Drogue  Gun  Slug 
2 Pilot  Chute  (2.3  Ft  D0  Ringt(ot) 

3.  Deployment  Beg  for  Extractor  Parachute 

4.  Extractor  Parachute  < 7 Ft  D0  Pingtlot) 

5.  Bridle  for  Extractor  Parachute 

8.  Deployment  Bag  for  Mein  Parachute 

7.  Main  Ptrachute  (78  Ft  D0  Conical 

Full  Extended  Skirt \ 

8.  Piter 

9.  Parachute  Compartment  in  Fuselage 

10.  Airbag  Compartment  in  Wing 

1 1.  Forward  Airbag  (1) 

12.  Aft  Airbag  (2) 

IX  Non-deflating  Note  Jag 


Figure  1.2  USDS  Recovery  System 
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Recovery  was  initiated  with  pneumatic  opening  of 
the  clamshell  doors,  using  the  landing  bag  air  supply 
as  a power  source.  Two  drogue  slugs  were  then  fired 
45  degrees  aft  and  up,  to  pull  two  2.3  ft  diameter 
pilot  chutes  past  the  stabilizer.  These  pilot  chutes 
deployed  two  7-ft  diameter  ringslot  extraction  para- 
chutes, which  in  turn  extracted  the  78-ft  diameter 
main  parachutes.  The  two  main  parachutes  were 
deployed  independently  left  and  right  of  the  vertical 
stabilizer.  The  main  parachutes  were  reefed  in  one 
step  for  four  seconds.  All  pilot  chute  and  extraction 
parachute  risers  were  long  enough  to  permit  para- 
chute inflation  behind  the  vertical  stabilizer.  Deploy- 
ment bags  were  designed  with  off-center  handles  to 
augment  lift-out  from  the  parachute  compartment 
and  outward  deflection  away  from  the  stabilizer.  The 
main  parachute  system  was  qualified  for  a 250  knot 
opening  speed  without  surpassing  the  3 g's  lead  limit. 
The  airbag  system  consisted  of  two  dual  compart- 
ment cylindrical  wing  bags  and  a sausage  shaped  nose 
bag  with  a small  15-inch  diameter  non-deflatable 
auxiliary  airbag  attached  to  the  main  bag.  The  two 
wing  bags  located  well  behind  the  center  of  gravity  of 
the  vehicle,  deflated  the  lower  compartments  upon 
ground  contact.  The  nose  bag  deflated  fully  and  the 
drone  came  to  rest  on  the  non-deflating  auxiliary 
nose  bag  and  the  two  upper  compartments  of  the 
wing  bags.  This  system  proved  quite  effective  and 
landed  the  USD-5  undamaged  ip  numerous  flights 
during  the  service  test  phase. 

CL-89  Battlefield  Reconnaissance  RPV.  Canadair 
in  Montreal,  Canada  has  developed  a small  battlefield 
reconnaissance  RPV  that  is  in  use  with  several  NATO 
countries.  The  400  knot,  250  pound  RPV  uses  a 
drogue  parachute,  main  parachute,  airbag  recovery 
system  and  a unique  homing  beacon  for  a fully  auto- 
matic landing.  A 500  ft  landing  circle  accuracy  is 
claimed  for  this  day  or  night  all-weather  reconnais- 
sance RPV2-. 

AQM/BGM-34  Remotely  Piloted  Vehicle  Series. 
Teledyne  Ryan  Aeronautical  has  developed,  for  the 
USAF,  a series  of  RPV's  which  includes  the  AQM- 
34M/L  reconnaissance  RPV,  the  AQM-34H  and  -34V 
ECM  RPV's  and  the  multi-mission  BGM-34C  RPV. 
These  vehicles  use  helicopter  mid-air  retrieval  for 
recovery.  This  retrieval  system  is  discussed  in  detail 
on  page  60. 


High  Altitude  Supersonic  Target.  A high  altitude 
supersonic  target  (HAST)  has  been  developed  by  the 
Beech  Aircraft  Company  3*  177  It  covers  a perform- 
ance range  from  Mach  1.2  at  35,000  to  Mach  4 at 


100,000  ft  powered  by  a hybrid  rocket  eng 
Launch  of  the  1200-lb  drone  is  by  aircraft,  and  rec 
ery  is  by  helicopter  mid-air  retrieval.  The  operatic  1 
recovery  system  starts  with  decreasing  the  dr< 
velocity  to  slightly  below  Mach  l.and  the  altitude 
below  50,000  feet.  It  then  deploys  a 6.9  ft  diame 
conical  ribbon  parachute  for  initial  deceleration  < 
descent  to  1 5,000  feet. 

At  this  altitude,  the  drogue  parachute  disconne 
and  deploys  a 45.5  ft  diameter  reefed  Ringsail  pt 
chute  for  mid-air  retrieval.  This  concept  depends 
the  drone  having  completed  its  mission  withi 
suffering  damage  that  could  prevent  it  from  reach 
the  recovery  altitude  and  speed.  Efforts  are  un- 
way  to  allow  recovery  from  most  of  the  flight  c 
formance  envelope.  This  may  result  in  use  of  a 5.J 
diameter  Hemisflo  ribbon  parachute  capable  of  be 
onerated  at  speeds  in  excess  of  Mach  2 for  decele 
ting  the  drone  to  the  operating  envelope  of  t 
second  drogue  parachute.  A flotation  system  will 
included  to  facilitate  water  recovery  in  case  paracht 
deployment  occurs  beyond  the  reach  of  the  retrie 
helicopter  or  at  drone  weights  and  rates  of  desce 
too  high  for  mid-air  retrieval.  Unique  features  of  t 
recovery  system  are  the  short  coupling  of  the  drog 
parachute  to  the  vehicle,  made  possible  by  the  slenc 
Streamlined  vehicle  body,  and  the  large  Ringsail  m< 
parachute  which  combines  a high  drag  with  the  sl< 
ted  design  necessary  for  the  helicopter  retrieval  ho- 
to  engage.  The  main  parachute  size,  which  is'  nt 
maximum  for  direct  mid-air  engagement,  avoids  t 
problems  of  the  tandem  parachute  mid-air  retriet 
system  discussed  on  page  64  • Use  of  Kevlar  mate 
al  for  the  fabrication  of  the  first  and  second  sta 
drogue  parachutes  combined  with  high  density  pac 
ing  procedures  will  help  in  reducing  the  stowed  vc 
ume  of  this  advanced  recovery  system. 

Special  Design  Considerations.  Positive  parachu 
deployment  from  the  stowage  compartment  in 
good  airflow  behind  the  vehicle  is  one  of  the  prin 
requisites  for  reliable  parachute  operation.  Sm<' 
drones  successfully  use  spiing  loaded  pilot  chutes  ar 
ejected  doors  for  pilot  chute  deployment.  Large  vef 
cles  need  forced  deployment  of  the  initial  parachu 
such  as  the  drogue  gun  deployed  pilot  chutes  of  tf 
USD-5,  or  the  mortar  and  catapult  ejected  drogt 
parachutes  of  the  Apollo  and  F-lll  crew  capsules, 
favorable  parachute  installation  is  used  in  the  Tel 
dyne  Ryan  Firebee  target  drones  and  the  related  -3 
RPV  series,  The  drogue  parachute  and  main  par. 
chute  are  stowed  one  behind  the  other  in  the  tail  c 
the  vehicle.  Ejection  of  the  tail  cone  deploys  tf 
drogue  parachute  which  stays  attached  to  the  mai 
parachute  housing.  At  main  parachute  deploymer 
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command  below  15,000  feet,  this  housing  discon- 
nects and  is  pulled  away  by  the  drogue  parachute 
thereby  deploying  the  main  parachute. 

Recovery  of  an  out-of-control  vehicle  requires 
forced  deployment  of  the  drogue  parachute  away 
from  .the  effective  range  of  the  spinning  or  tumbling 
vehicle.  This  is  best  accomplished  by  mortar  deploy- 
ment of  the  drogue  parachute. 

Experience  has  shown  that  for  reliability  reasons, 
two  independent  sequencing  systems  are  advisabie. 
This  includes  dual  sensors  for  deployment  and  termi- 
nal recovery  commands,  dual  initiators,  possible  dual 
actuators  and  similar  functions.  Normal  recovery  is 
initiated  by  ground  command  or  ground  beacon.  Re- 
covery may  be  started  also  by  engine  or  electrical 
power  failure,  loss  of  the  ground  command  channel 
or  by  command  of  the  range  safety  officer. 

A no-impact-damage  landing  cpn  be  achieved  for 
small,  unsophisticated  drones  with  a low  rate  of  de- 
scent and  a sturdy  Vehicle  design.  All  larger  vehicles, 
and  those  with  sensitive  electronics  gear,  will  require 
either  mid-air.  retrieval  or  such  impact  attenuation 
systems  as  crushables,  frangibles,  airbags  or  retro- 
rockets.  Which  system  to  choose  is  a function  of  the 
mission  concept,  the  allowable  impact  deceleration 
and  the  vehicle  design4,5. 


Missile  Recovery 

In  the  1950's  and  early  1960’s,  recovery  was  selec- 
tively applied  to  missiles  during  research  and  develop- 
ment testing.  primarily  for  the  purpose  of  after-flight 
vehicle  and  component  inspection  and  failure  analysis. 
The  development  of  recovery  systems  for  fast  flying, 
possible  out-of-control  missiles  proved  to  be  difficult. 
Weight  and  space  in  missiles  is  at  a premium  and  the 
recovery  system  should  have  a high  probability  of 
success  for  the  first  flight,  where  it  may  be  needed 
most..  Few  missile  recovery  projects  materialized.  As 
the  art  of  electronic  measurements  and  real-time 
flight  data  monitoring  and  transmission  progressed, 
recovery  of  the  actual  missile  became  less  important. 

One  interesting  project  was,  the  recovery  of  the 
Terrier  shipito-air  missile  for  inspection  and  possible 
training  reuse.  A successful  multi-use  recovery  sys- 
tem was  developed  for  the  training  version  of  the 
Matador/Mace  missile,  but  it  was  never  used  opera- 
tionally. A similar  approach  is  presently  being  invest- 
igated for  the  airlaunched  cruise  missile  (ALCM).  Re- 
quirements for  recovery  of  training  missiles  are  simi- 
lar to  those  for  the  reuse  of  target  drones  and  RPV’s. 
The  following  paragraphs  provide  data  on  specific 
missile  recovery  projects. 


Terrier  Missile  Recovery  System.  In  the  early 
1950’s,  the  Radioplane  Company  developed  a recov- 
ery system  for  the  850-lb  Terrier  ship-to-air  missile6. 
Recovery  was  initiated  at  Mach  1.0  to  1.2  using  a 3.0 
ft  diameter  ribbed  guide  surface  drogue  parachute,  23 
ft  diameter  solid  conical  main  parachute  and  a water 
flotation  recovery  system.  The  intent  was  to  reuse 
missiles  for  training  flights.  Six  flights  were  perform- 
ed with  limited  recovery  success.  The  concept  did 
not  prove  practical,  considering  the  cost  of  the  ex- 
tended water  recovery  operation  and  the  refurbish- 
ment of  the  sea  water  soaked  missile. 

Matador/Mace  Recovery.  In  the  late  1950’s,  the 
Air  Force  investigated  the  recovery  of  Matador/Macp 
training  missiles  for  reuse.  The  10.000  lb  missile  was 
recovered  by  reducing  ihe  speed  to  200  knots  and 
using  a mortar  ejected  pilot/drogue  parachute  for 
deploying  three  each,  100  ft  diameter  tri-conical  main 
descent  parachutes.  Two  sausage  shaped  dual  com- 
partment airbags  around  the  front  and  the  rear  of  the 
fuselage,  cushioned  the  landing  impact  and  kept  the 
missile  off  the  ground.  Successful  recovery  tests  were 
conducted7,8. 

Air  Launched  Cruise  Missile  Mid-Air  Retrieval.  A 
recovery  system  for  ALCM  vehicles  fin-;.,,  mi  training 
flights,  is  under  development.  The  vehicle  weighing 
in  excess  of  1500  lbs  will  conduct  a pull-up  maneuver 
prior  to  parachute  deployment.  Helicopter  mid-air 
retrieval  is  planned  for  final  recovery.  Several  mid-air 
retrieval  parachute  concepts  are  being  investigated. 

Sounding  Rockets  and  Fieentry  Vehicles 

Sounding  rockets  and  reentry  vehicles  vary  widely 
in  mission  purpose,  flight  trajectories,  apogee  alti- 
tude, reentry  angles  and  reentry  velocities.  Neverthe- 
less, there  are  basic  similarities  in  the  concept  and 
design  of  recovery  systems  for  returning  the  payloads. 
Apogee  altitudes  van/  from  approximately  200,000 
feet  for  the  HASP  (High  Altitude  Sounding  Probe)  to 
the  1,200  mite  apogee  of  the  NERV  (Nuclear  Emul- 
sion Reentry  Vehicle).  The  corresponding  reentry 
velocities  vary  from  approximately  2,000  fps  to 

20.000  fps. 

Recovery  System  Approach  and  Design.  Reentry 
and  descent  velocities  of  probes  and  nose  cones  ejec- 
ted from  rockets,  flying  hatpin  or  steep  trajectories 
will  vary  from  about  2,000  to  20,000  fps.  Capsules 
from  Earth  orbiting  vehicles  are  ejected  at  about 

25.000  fps.  The  Apollo  spacecraft  reentered  the 
Earth's  atmosphere  in  a shallow  trajectory  at  36,000 
fps.  Aerodynamic  deceleration  starts  as  soon  as  the 
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vehicle  enters  the  continuum  flow  atmosphere  at 

200.000  to  300,000  feet  altitude.  Aerobee  9,  HASP 
and  other  sounding  rockets  take  measurements  on  the 
ascending  trajectory,  separate  the  instrumented  nose 
cone  near  apogee  and  by  proper  location  of  the  cen- 
ter of  gravity,  the  nose  cone  descends  in  a flat  spin. 
Spinning  nose  sections  (probes)  of  up  to  several  hun- 
dred pounds  weight,  obtain  ballistic  coefficients  of  50 
to  100  osf  which  decelerates  the  probe  to  between 
200  and  400  fps  at  5,000  to  10,000  feet  altitude,  suf- 
ficient for  main  parachute  deployment 10  V Light- 
weight parachutes  can  be  deployed  at  altitudes  up  to 

250.000  feet  if  a slow,  stable  descent  through  the 
upper  atmosphere  is  required1?'  For  higher  altitudes 
and  higher  ballistic  coefficient,  vehicles  with  large 
flared  skirts  or  dive  brakes13 may  be  used  for  initial 
deceleration  followed  by  parachutfes  in  the  Mach  3 
range  or  ram-air  inflated  balloons  for  speeds  of  Mach 
4 or  greater10' 14  Decelerator  design  selection  con- 
siderations are  aerodynamic  heating,  inflation  stabil- 
ity, low  or  high  dynamic  pressures  and  altitude  and 
time  available  for  deceleration.  Hemisflo  ribbon  para- 
chutes  and  the  Ballute  have  been  used  successfully 
for  these  high  Mach  applications.  Figure  1.3  shows  a 
a typical  high  altitude  probe  trajectory  profile. 
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Figure  1.3  Typical  High  Altituda  Proba  Trajectory 


Nose  cones  of  the  Jupiter  C,  the  NERV  and  the 
NASA  "Big  Shot",  (the  latter  took1  pictures  of  the 
inflating  Earth  orbiting  Echo  II  balloon  in  1961)  re- 
entered at  speeds  up  to  20,000  fps  Aerodynamic 
deceleration  for  the  stable  or  rotating,  lightweight, 
large  diameter  nose  cones  was  provided  by  ballistic 
coefficients  in  the  50  to  150  psf  range.  This  resulted 
in  aerodynamic  deceleration  to  velocities  in  the  Mach 

0.7  to  1.5  range  at  5,000  to  10,000  feet  altitude. 
Single  parachutes.depioysd  at  these  speeds  provided 
water  entry  velocities  from  80  to  100  fps.  Recog- 
nized problems  were  ejection  of  the  parachute 
through  the  vehicle  wake  into  good  airflow  for  proper 
inflation,  a swivel  to  prevent  parachute  wrap-up  by  a 
rotating  nose  cone  and  heat  protection  of  the  recov- 
ery system. 

Today’s  nose  cones  are  usually  heavier,  have  small- 
er nose  radii  and  more  slender  cone  angles  with  result- 
ant W/CoS  values  in  excess  of  1 ,000  psf  and  terminal 
sea  level  velocities  of  up  to  5,000  rps.  Efforts  to  re- 
cover these  vehicles  involves  ejection  of  a!i  non-essen- 
tial mass  for  reduction  of  W/CqS,  development  of 
high  temperature  resistant  dive  brakes,  development 
of  Kevlar  and  other  high  temperature  materials16 

The  terminal  phase  of  the  recovery  sequence,  mid- 
air retrieval,  ground  landing  or  water  landing,  deter- 
mines the  parachute  type  and  size  necessary.  Mid-air 
retrieval  parachutes  need  a descent  rate  of  20  to  25 
fps  at  10,000  *eet  altitude  for  both  rotary  wing  and 
fixed  wing  aircraft  recovery.  These  parachutes  are 
opened  at  altitudes  of  1 5,000  to  40,000  feet  to  pro- 
vide sufficient  time  for  the  retrieval  aircraft  to 
acquire  and  approach  the  descending  parachute  vehi- 
cle system.  Mid-air  retrieval  starts  at  10,000  to 

15,000  feet  altitude  and  requires  special  parachutes 
of  reinforced  slotted'  design  or  tandem  parachute  sys- 
tems discussed  in  detail  on  page  64  . 

Ground  landing  requires  descent  velocities  of 
about  20  fps  and  possibly  impactattenuation  equip1 
ment  in  order  to  prevent  damage.  The  resultant  large 
parachutes  have  considerable  weight  and  volume 
which  is  frequently  not  acceptable.  Water  entry  per- 
mits entry  velocities  of  50  to  100  fps  with  corres- 
pondingly smaller  and  lighter  parachutes  but  adds 
inflation,  location  and  retrieval  equipment. 

Spacecraft  Recovery 

The  subject  of  spacecraft  recovery  covers  a wide 
variety  of  vehicle  systems  and  applications.  Space- 
craft recovery  systems  can  be  grouped  as  follows: 

1.  Earth  orbiting  research  vehicle  recovery  sys- 
tems 

2.  Planetary  spacecraft  descent  systems 

3.  Manned  spacecraft  terrestial  anding  systems 
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The  first  group  involves  such  Earth  orbiting  research 
vehicles  as  Discoverer  and  Biosatellite.  The  second 
group  consists  of  the  two  Viking  Mars  landers  and  the 
Pioneer-Venus  spacecraft  which  will  descend  to  the 
surface  of  the  planet  Venus  in  late  1978.  Both  of 
these  programs  use  parachutes  for  controlling  part  of 
the  descent  trajectory,  but  not  for  landing.  The  third 
group  includes  the  crew  modules  of  the  Mercury, 
Gemini  and  Apollo  spacecraft  as  well  as  the  Russian 
Vostok  and  Soyuz  space  vehicles. 

Requirements  for  Spacecraft  Recovery.  Reliabil- 
ity, minimum  weight  and  volume,  suitability  for 
space  environment  and  protection  against  reentry 
heating  are  primary  requirements  common  to  all 
spacecraft  recovery  systems. 

Reliability.  It  is  obvious  that  parachutes  that  form 
part  of  a manned  mission  require  the  highest  reliabil- 
ity possible.  A second  reason  for  high  reliability  is 
cost  of  spacecraft  systems.  When  the  Apollo  II 

Snd  module  landed  after  the  first  completed 
nission,  it  had  cost  the  U.S.  taxpayer  approx- 
$400,000  per  pound  of  Apollo  command 
module  returned  to  Earth.  The  cost  figures  for  other 
recoverable  spacecraft  are  probably  similar.  Apollo, 
Gemini  and  Mercury  in  addition,  had  to  cope  with 
the  fact  that  the  nation  and  the  world  were  watching 
the  U.S.  space  effort. 


Aerodynamic  Heating.  The  Apollo  command 
module  reenters  the  Earth's  atmosphere  at  a velocity 
of  36,000  fps  resulting  in  heat  shield  temperatures  in 
excess  of  5000°F.  The  temperature  environment 
required  protection  for  the  recovery  system  as  well  as 
selection  of  suitable  parachute  materials. 

Recovery  of  Earth  Orbiting  Research  Vehicles.  Re- 
coverable spacecraft  in  this  category  are  the  Biosatel- 
lite1 Ind  the  Discoverer  type  spacecraft.  Both  vehicles 
gather  information  while  cruising  in  Earth  orbits.  The 
Biosatellite  served  as  home  for  a primate  (monkey). 
The  orbiting  vehicle  consisted  of  the  recoverable  re- 
entry capsule  containing  the  primate,  a secondary  life 
support  system,  all  gathered  data  and  the  reentry  and 
recovery  subsystems.  The  primary  life  support  sys- 
tem and  most  of  the  instrumentation  was  housed  in  a 
non-recoverable  adapter.  This  adapter  was  separated 
from  the  recovery  capsule  shortly  before  reentry. 
The  blunt  nose  cqne  and  large  diameter  body  resulted 
in  a low  ballistic  coefficient  and  caused  reentry  decel- 
eration of  the  vehicle  to  high  subsonic  speeds  at  suffi- 
cient altitude  to  eject  the  rear'  heat  shield  which 
deployed  a 7-ft  diameter  unreefed  ribbon  drogue 
parachute.  The  drogue  parachute  then  deploys,  a 
reefed  36-ft  diameter  Ringslot  main  recovery  para- 
chute suitable  for  mid-air  retrieval  by  C-130  aircraft. 
The  weight  of  the  total  parachute  assembly  was  37.5 
lbs.  Flotation,  location  and  water  pick-up  equipment 
permitted  water  retrieval  in  case  mid-air  retrieval 
could  not  be  accompolished.  All  recovery  sequencing 
and  propellant  actuated  functions  were  redundant  for 
reliability  reasons. 

The  Discoverer  reentry  capsule  is  very  similar  to 
the  Biosatellite  capsule.  It  has  a total  capsule  weight 
of  180  lbs.  The  drogue  parachute  is  a 5.4  ft  diameter 
conical  ribbon  parachute.  A 29.8  ft  diameter  reefed 
Ringslot  parachute  is  used  as  a descent  and  mid-air 
retrieval  parachute.  The  drogue  parachute  is  deploy- 
ed at  altitudes  up  to  70,000  feet  and  the  main  para- 
chute up  to  50,000  feet.  This  provides  sufficient 
time  for  the  C-130  mid-air  retrieval  aircraft  to  acquire 
and  ap  proach  the  capsule.  The  total  parachute  assem- 
bly weighs  23.8  lbs.  Location,  flotation  and  water 
retrieval  gear  (in  case  of  mid-air  retrieval  failure)  is 
similar  to  the  Biosatellite  recovery  system. 

Planetary  Entry  Trajectory  Control  by  Parachute. 
In  July  and  August  of  1976,  two  Viking  instrument 
packages,  called  landers,  soft-landed  on  the  surface  of 
the  planet  Mars.  In  September,  1977,  two  Pioneer 
probes  started  on  their  wsy  to  the  planet  Venus. 


Low  Weight  and  Volume.  The  cost  of  getting  one 
pound  of  spacecraft  on  its  way  to  the  planets  is  lower 
than  the  cost  of  landing  a spacecraft  but  is  still  many 
thousands  of  dollars  per  pound.  Every  pound  saved 
on  the  recovery  system  saves  considerable  funds,  or 
frees  weight  and  volume  for  instrumentation  that 
serves  the  primary  mission  purpose  of  exploring  space. 
To'obtain  minimum  weight  and  volume,  and  still  have 
a reliable  system,  requires  an  unusual  amount  of 
analysis,  a high  performance,  low  loads  design  and  a 
test  program  that  provides  the  maximum  assurance 
that  the  system  will  work  as  designed. 


and 


Space  Environment.  Extreme  low  pressures 
temperatures  are  encountered  in  interplanetary 
These  conditions  will  cause  outgassing  of  all  v< 
components  such  as  moisture,  oils,  coating 
ishes  contained  in  such  decelerator  materials  as 
Dacron  and  Kevlar.  This  can  conceivably  chan 
property  characteristics  of  these  materials.  In 
tion,  a chemically  hostile  atmospheric  enviroi 
may  be  encountered  on  some  of  the  planets. 
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They  are  scheduled  to  arrive  in  December  1978  and 
eject  four  pods  that  will  descend  through  the  Venus 
atmosphere.  8oth  Mars  landers  have  used  parachutes 
and  one  of  the  Pioneer-Venus  pods  will  use  a para- 
chute for  partial  trajectory  control.  Both  parachute 
systems  are  designed  to  operate  in  atmospheric  densi- 
ties quite  different  from  that  of  Earth.  The  Mars 
atmosphere  is  cold  and  has  approximately  1/100  of 
the  Earth's  atmosphere.  The  atmosphere  on  the 


range  from  0:5  to  10  psf.  Viking  mission  constraints 
dictated  minimum  weight  and  volume  for  recovery 
components,  a parachute  that  functioned  in  the  wake 
of  the  large  aeroshell  lander  forebody  within  a de- 
fined drag  area  and  ooening,  load  range,  a parachute 
that  operated  after  being  pressure  packed  for  thirty- 
six  months,  and  a recovery  system  that  did  not  con- 
taminate the  atmosphere  and  surface  of  the  planet 
Mars1®.. 


planet  Venus  is  about  100  times  as  dense  as  the 
Earth’s  atmosphere,  and  surface  temperatures  are 
close  to  900°F.  Also,  the  chemical  compositions  of 
the  Mars  and  Venus  atmospheres  are  quite  different 
from  that  of  the  Earth,  Atmospheric  conditions  on 
Venus  are  reasonably  well  established,  whereas  knowl- 
edge of  the  atmospheric  conditions  on  Mars'  surface 
were  limited,  requiring  the  parachute  system  to  be 
operative  over  a wide  Mach  number  and  dynamic 
pressure  range.  The  purpose  of  the  Mars  mission,  in 
addition,  required  the  planetary  landing  system  to  be 
biologically  clean,  necessitating  extensive  sterilization 
of  the  lander  and  all  its  subsystems.  NASA,  the 
responsible  agency  for  both  programs,  established  a 
systematic  development,  test  and  qualification  pro- 
gram for  both  decelerator  systems. 

The  Venus  mission  does  not  require  a biologically 
clean  system,  therefore,  was  easier  to  define,  develop 
and  test. 


Viking  Lander  Parachute  System.  The  planned 
sequence  of  events  for  the  Viking-Mars  lander  is 
shown  ip  Figure  1.4.  After  separation  from  the  Mars 
orbiter  the  lander  entered  the  Mars  atmosphere  at 
about  800,000  feet  a'titude.  Up  to  this  time  the 
lander  was  contained  in  the  bioshield,  sealed,  pressur- 
ized and  protected  from  biological  contamination 
prior  to  entering  the  Mars  atmosphere.  The  bioshield 
was  ejected  after  deorbit.  The  lander,  heat  protected 
and  decelerated  by  its  large  diameter  aeroshell,  was 
controlled  in  pitch  and  yaw  by  an  on-board  attitude 
control  system.  A radar  altimeter  sensed  and  com- 
municated altitude  information.  Upon  reaching  an 
altitude  of  21 ,000  feet  above  the  Mars  surface  and  a 
nominal  velocity  of  1200  fps,  a 53-ft  diameter  disk- 
gap-band  parachute  (non-reefed)  was  mortar  ejected 
and  opened  in  about  three  seconds  in  the  wake  of  the 
large  aeroshell.  Seven  seconds  later  the  aeroshell 
ejected  and  three  landing  foot-pads  extended,  At 
4000  feet  altitude  and  a nominal  velocity  of  about 
200  fps,  the  parachute  was  disconnected  and  the 
descent  engines  were  fired. 

At  the  start  of  the  Viking  program  large  uncertain- 
ties existed  concerning  the  Martian  atmosphere.  This 
required  possible  parachute  operation  from  Mach  2.1 
to  low  subsonic  speeds  and  at  a dynamic  pressure 


NASA  established  three  programs  for  selection, 
development  and  qualiiication  of  the  parachute 
decelerator  system.  The  Planetary  Entry  Parachute 
Program  (PEPP)  used  rockets  and  balloon  launched 
experiments  to  test  disk-gap-band,  rincsail  and  cross 
parachutes,  and  some  Ballutes  at  altitudes  above 
100,000  feet  and  Mach  numbers  from  1.0  to  2.6. 
Based  on  the  PEPP  tests,  NASA  selected  the  disk-gap- 
band  parachute  for  the  Viking  mission19  In  two 
subsequent  programs.  Low  Altitude  Drop  Tests 
(LADT)  and  Balloon  Launched  Decelerator  Tests 
(BLDT),  NASA  developed  and  qualified  the  53-ft 
diameter  . disk -gap-band  parachute  as  the  Viking 
decelerator.  The  LADT  series  used  a B-57  aircraft 
flying  at  50,000  feet  as  a test  platform  and  investiga- 
ted parachute  opening  loads  and  stresses  at  values  up 
to  1 .5  times'  the  predicted  design  loads.  Parachutes 
were  modified  based  on  test  results20.  The  final 
parachute  design  and  decelerator  system  were  quali- 
fied in  the  BLDT  program  using  a boilerplate  lander 
and  all  end  item  components  including  the  final 
mortar21  . 
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In  order  to  meet  the  biologically  clean  lander 
requirements  for  the  Mars  mission,  the  following 
steps  were  taken: 

Polyester  (Dacron  52)  material  was  used  for  all 
textile  parts  to  minimise  shrinkage  and  cloth  out- 
gassing 

All  parts  were  retained 

The  decelerator  system  and  total  lander  were  sub- 
jected to  several  sterilization  cycles  at  275° F and 
, then  sealed  for  installation  into  the  lander 

Pioneer-Venus  Probe  Parachute  System.  Of  the 
four  probes  that  will  descend  through  the  Venus 
atmosphere  in  December  1978,  the  so-called  "large 
probe"  will  use  a parachute  during  its  travel  through 
the  Venus  cloud  cover.  The  purpose  of  the  large 
probe  is  to  conduct  a sounding  of  the  extremes  of  the 
Venus  atmosphere,  tc  make  in  situ  measurements  of 
the  atmosphere  structure,  its  composition  and  to, 
investigate  the  cloud  cover  distribution,  composition 
and  interaction  with  light  and  thermal  radiation.  The 
probe  is  elected  from  a mother  vehie'e  which  enters 
the  Venus  atmosphere  at  about  320.0C0  feet  at  a 
velocity  of  38.100  fps.  The  instrument  container  is  a 
spherical  titanium  pressure  vesse.  surrounded  and 
protected  by.  an  aeroshell  heatsh  ..a  "><■»  aar  cover 
quite  similar  to  the  Mars  Lander  -igemeni.  The 
56-inch  diameter  aeroshell  decelerates  the  670  lb 
probe  to  a velocity  of  Mach  0.8  at  220.000  feet  At 
this  altitude  a 2.5  ft  diameter  guide  surface  pilot 
chute  is  mortar  ejected,  removes  the  rear  cover  and 
extracts  the  16  2 ft  diameter  ribbon  main  descent 
parachute.  The  opening  force  of  the  main  parachute 
disconnects  and  ejects  the  aeroshell  heatshield.  The 
29-inch  diameter  instrument  container  descends  on 
the  parachute  for  nineteen  minutes  to  155,000  feet. 
At  this  point,  the  velocity  is  so  low  that  the  para- 
chute is  jettisoned.  Thirty-seven  minutes  later,  the 
probe  impacts  on  the  surface  of  Venus  and  ends  its 
mission. 

Parachute  design  is  based  on  its  primary  function, 
to  decelerate  and  stabilize  the  instrument  container 
during  its  descent  through  the  Venus  cloud  cover. 
Surface  pressure,  temperature  and  altitude  gradients 
are  reasonably  well  known.  The  parachute  deploy- 
ment conditions  therefore,  are  better  defined  than 
they  were  for  the  design  of  the  Mars  lander  decelera- 
tor. Also,  no  requirements  exist  for  a biologically 
clean  vehicle,  thus  eliminating  the  need  for  steriliza- 
tion. Polyester  was  selected  as  parachute  material 
since  it  has  better  resistance  than  nylon  to  sulphuric 
acid,  one  of  the  ingredients  of  the  Venus  atmosphere. 
Further,  the  effects  of  interplanetary  space  environ- 
ment on  msterial  characteristics  are  well  established 
from  the  Viking  program. 


The  Pioneer-Venus  parachute  must  provide  stable 
descent  with  less  than  three  degrees  of  oscillation, 
parachute  opening  at  Mach  0.8  and  a dynamic  pres- 
sure of  39  psf,  a drag  area  of  108  ± 5 ft2,  an  opening 
load  _ 9100  lbs  for  a maximum  vehicle  weight  of  670 
lbs,  and  the  parachute  vehicle  system  must  descend  at 
a trim  angle  of  two-degrees.  A 16.2  ft  diameter,  20 
degree  conical  ribbon  parachute  was  selected.  It  has 
twenty  gores,  a total  oorosity  of  24  i percent,  a sus- 
pension line  length  ratio,  V©0.  of  1 .22  and  is  fabri- 
cated from  heat-set  polyester  material  A skirt  con- 
trol line  is  used  to  limit  over-inflation  and  thereby 
restrict  opening  •oads  and  canopy  breathing  in  the 
wake  of  the  forebody.  This  control  method  was 
developed  for,  and  is.  discussed  in,  the  subsequent 
Apollo  spacecraft  description. 

Design  verification  tests  were  conducted  at  the 
National  Parachute  Test  Range  at  El  Centro.  A bomb 
type  test  vehicle  was  used,  dropped  from  an  F-4  air- 
craft flying  at  40,000  feet  altitude.  All  design  require- 
ments were  verified  in  the  test,  including  a 1.25 
dynamic  pressure  overload. 

The  final  qualification  test  was  conducted  with  a 
simulated  Venus  probe  vehicle  weighing  670  lbs  and 
carried  to  altitude  on  a balloon  at  the  White  Sands 
Missile  Range.  The  probe  vehicle  was  released  at 
90,000  feet  altitude  and  the  entire  parachute  system 
was  deployed  and  tested.  The  test  arrangement, 
simulating  the  Venus  probe,  is  shown  in  Figure  1.5 
Reference  22  describes  the  Venus  probe,  the  para- 
chute system  used,  and  the  two  test  programs  for 
verification  and  qualification  of  the  parachute  system. 

Manmd  Spacecraft  Parachute  Landing  Systems. 
United  States  manned  spacecraft.  Mercury,  Gemini, 
and  Apollo  as  well  as  Russian  manned  spacecraft, 
Vostok  and  Soyuz,  have  employed  parachute  systems 
tor  the  landing  phase  of  the  space  mission  and  for 
mission  abort  emergencies. 

The  following  ground  rules  were  established  for 
meeting  the  Mercury  landing  system  perfofmance  and 
reliability,  requirements  and  have  been  used  for  proj- 
ects Gemini  and  Apollo  in  a form  adopted  to  their 
particular  mission: 

The  final  landing  on  all  abort  cases  are  considered 
operational  landings. 

No  single  component  or  subsystem  failure  can  cause 
loss  of  the  crew  or  total  system  failure  (redundant 
system  requirement). 

■ The  design  of  the  recovery  system  will  be  based  on 
existing  technology. 

Weight  and  volume  of  the  system  will  oe  kept  to 
an  absolute  minimum. 

Parachute  and  landing  forces  are  to  be  kept  to  a 
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figure  1.5  Deployment  Sequence  Of  The  Venus  Probe  Deceieretor 


level  that  permits  the  astronauts  to  perform  imme- 
diate post-flight  functions. 

All  functions  related  to  parachute  deployment  and 
landing  must  be  performed  by  a dual  automatic 
system,  backed  up  by  astronaut  override  capability. 
All  components,  subsystems  and  the  total  system 
will  be  design  load  tested,  pver-lcad  tested  and 
fully  qualified  prior  to  the  first  space  flight. 
Prudent  implementation  of  these  requirements 
resulted  in  fifty-six  consecutive,  successful  parachute 
spacecraft  landings  including  thirty-one  manned  land- 
ings (six  Mercury,  ten  Gemini,  eleven  Apollo,  three 
Spacelab  and  one  Apollo-Soyu/  flight).  Tvyice  in  the 
Mercury  program  the  parachute  landing  system  was 
used  in  aborts  of  unmanned  flights.  On  the  Apollo 
15  flight,  one  of  the  main  parachutes  was  damaged 
after  opening  and  deflated,  the  only  anomaly  in  fifty- 
six  spacecraft  landings. 

Unforseen  problems  were  caused  by  spaceciaft 
weight  growth  of  thirty  percent  on  Mercury  and  sixty 
percent  on  Apollo.  Spacecraft  weight  growth  caused 
a predictable  associated  increase  in  deployment, 
velocity,  parachute  forces,  parachute  weights  and 
pressure  packing  demands.  In  addition,  unexpected 


subsonic  instability  of  the  spacecraft  made  parachute 
deployment  more  complex  and  increased  parachute 
loads.  Other  problems  included  chemical  effect.,  of 
attitude  control  motor  fuels  on  textile  parachute 
components  and  the  wake  effect  of  the  large  space- 
craft forebodies  on  the  drag  area  decrease  and  load 
increase  of  the  drogue  parachutes.  Exposure  to  the 
extra-terrestrial  space  environment  of  the  Apoiio 
mission  between  Earth  and  moon  did  not  cause  a 
suspected  textile  material  degradation,  a fact  later 
confirmed  in  the  parachute  systems  for  the  Mars 
Viking  unmanned  lander. 

All  maximum  parachute  loads,  minimum  depioy- 
ment  altitude  and  critical  deployment  time  condi- 
tions resulted  from  abort  or  single  failure  mode  test 
conditions. 

Mercury  Parachute  Landing  System.  The  design 
requirements23  for  the  Mercury  landing  system  spec- 
ified a capability  to  land: 

on  land  or  water  after  normal  reentry,  with  landing 
being  an  emergency 

from  mission  aborts  covering  the  time  from  just 
prior  to  lift-off  to  orbit  insertion 


The  Mercury  spacecraft  after  deorbit  was  stabilized  manually  check  all  prior  deployment  functions  and  if 

by  an  on-board  reaction  control  system  (RCC)  and  necessary,  deploy  the  reserve  main  parachute  by 

decelerated  by  its  own  drag  to  subsonic  velocity  at  manual  control.  Table  1.1  gives  technical  details  of 

around  30,000  feet.  A 6-ft  diameter  ribbon  drogue  the  Mercury  parachute  system  and  Figure  1.6  shows 

parachute  was  mortur  deployed  at  altitudes  from  the  installation  of  the  primary  and  the  reserve  main 

20.000  to  40,000  feet,  primarily  for  stabilizing  the  parachute.  Parallel  sequencing  systems  were  used  for 

spacecraft  during  subsonic  descent.  The  drogue  para-  controlling  all  automatic  deployment  functions, 

chute  was  attached  to  the  antenna  section  at  the  in  actual  use  the  parachute  system  functioned  as 

upper  part  of  the  spacecraft,  by  a 24-ft  long  polyes-  designed  in  twenty  flights  including  six  manned 

ter  riser  and  a three-leg  steel  cable  harness.  At  10,000  flights  and  two  unmanned  abort  emergencies.  On 

feet  altitude  the  antenna  section  was  disconnected  two  occasions  the  astronaut  deployed  the  drogue 

and  a reefed  63-ft  diameter  Ringsail  parachute  de-  parachute  above  21,000  feet  by  manual  override 

ployed.  After  main  parachute  opening  the  forward  command.  The  reserve  main  parachute  was  never 

heat  shield  lowered  tp  deploy  an  impact  attenuation  used. 

bag.  The  spacecraft  landed  at  a rate  of  descent  of  28 

fps.  The  drogue  parachute  was  designed  and  tested  Gemini  Parachute  Landing  System.  The  Gemini 

for  speeds  up  to  Mach  1 .5  at  70,000  feet  altitude  for  Earth  orbiting  spacecraft  was  a two-man  vehicle  based 

emergency  deployment  in  case  of  spacecraft  stability  on  the  Mercury  design.  Its  purpose  was  to  investigate 

problems.  The  main  parachute  and  the  impact  bags  fourteen  day  orbital  flights,  develop  rendezvous  and 

were  designed  for  possible  land  landings  at  up  to  docking  techniques,  and  to  test  advanced  subsystems 

5000  feet  altitude,  and  the  impact  bag  was  to  reduce  suitable  for  the  Apollo  moon  mission.  NASA  speci- 

ground  impact  deceleration  from  45  to  15  g's.  The  filed  land  landing  by  Paraglider  and  an  ejection  seat 

automatic  sequencing  system  deployed  the  drogue  back-up  system  as  the  means  for  landing  the  astro- 

parachute  and  main  parachute  at  21,000  and  10,000  nauts.  In  addition,  a parachute  water  landing  system 

feet  altitude,  respectively.  Manual  override  by  the  similar  to  the  Mercury  system,  was  developed  as  a 

astronauts  permitted  drogue  parachute  deployment  at  back-up  in  case  the  Paraglider  system  should  not  be 

higher  altitudes  and  speeds.  There  was  no  reserve  ready  for  early  Gemini  flights.  The  intention  was  to 

drogue  parachute  since  even  an  instable  spacecraft  eliminate  the  heavy  escape  tower  used  on  Mercury 

would  have  decelerated  by  its  own  drag  to  the  allow-  and  to  provide  land  landing  capability  in  a preselected 

able  deployment  velocity  of  the  main  parachute  at  area.  When  the  Paraglider  program  encountered 

10.000  feet.'  The  astronauts  had  green  and  red  lights  problems,  the  NASA  Manned  Spaceflight  Center  in 

to  indicate  proper  parachute  deployment  or  a mat-  Houston  started  an  in-hojse  program  for  the  develop- 

function.  In  the  latter  case,  the  astronaut  could  ment  of  a land  landing  capabiltiy  using  a steerable 
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TABLE  1.1  TECHNICAL  DATA  OF  THE  MERCURY  PARACHUTE  SYSTEM 


Item 

Units 

Drogue 

Parachute 

Main 

Parachute 

Number 

1 

2 (1  Reserve) 

Diameter,  Da 

(ft) 

6.0/6.87 

63.1 

Type 

30°  Conical  Ribbon 

Hingsail 

Reefed,  Dn/D0 

<%) 

No 

12%.  4 sec 

No  of  Suspension  Liner. 

8 

48 

Strength  of  Suspension  Lines 

(lbs) 

1000 

550 

Wem‘'t 

(lbs) 

, 2.9 

56 

Lin  : 1 enoih  Ratio 

w 

1.0 

.92 

Riser  Material 

- 

Polyester 

Nylon 

Riser  Length 

(ft) 

19.7 

4 

Riser  Strength 

(lbs) 

7000 

9000 

Riser  Weight 

(lbs) 

2.67 

- 

Harness 

. 3 Steel  Cables 

- 

Assembly  Weight 

(lbs) 

6.43 

60.2 

Design  Load 

(lbs) 

3800 

10,000 

Design  Altitude 

(ft) 

42.000 

10,000 

Design  Speed 

M-  1.5 

164  KEAS 

Test  Loau  (max) 

(lbs) 

5500 

14.000 

Test  Altitude  (max) 

(ft) 

70.000 

10.000 

Test  Speed  (max) 

M-1.5  , 

190  KEAS 

Suspended  Weight 

(lbs) 

2900 

2900 

Rate  of  Descent 

(fps) 

- 

28 

The  reserve  main  parachute  was  identical  to  the  primarv  main  parachute,  but  it  was  deployed  upon  pilot  com- 
mand by  a drogue  slug  deployed,  6 ft  diamete'  pilot  chute. 


Parasail  parachute  for  glide  approach,  and  landing  43  percent  (DR/0o)  for  sixteen  seconds.  The  para- 
rockets  for  vertical  impact  attenuation.  Chute  was  designed  for  a dynamic  pressure  of  142 


Parasail  parachute  for  glide  approach,  and  landing  43  percent  (DR/0o)  for  sixteen  seconds.  The  para-  | 

rockets  for  vertical  impact  attenuation.  Chute  was  designed  for  a dynamic  pressure  of  142 

The  requirements  for  the  Mercury  and  Gemini  psf.  with  twelve.  750  lb  suspension  lines.  An  18.2  ft  ’ 

water  landing  systems  were  closely  related  since  both  diameter  reefed  Ringsai!  parachute  was  used  in  tan-  ’ 

vehicles  enter  the  Earth  atmosphere  from  Earth  dem  with  the  drogue  parachute  to  remove  the  rendez-  j 

orbital  flight.  The  weight  of  the  Gemini  capsule  was  vous  and  recovery  (R  & R)  section  which  housed  the  j 

4400  lbs  compared  to  2900  lbs  for  the  Mercury  cap-  main  parachute.  The  pilot  chute  has  sixteen  500  lb  f 


sule.  The  Gemini  spacecraft  did  not  enter  ballistically  suspension  lines  and  was  reefed  to  11.5  percent  * 

as  the  Mercury  capsule,  but  maintained  an  angle  of  (DR/D0)  for  six  seconds.  The  pilot  chute  could  be  I 

attack  giving  a glide  ratio  of  about  0.4  for  a limited  mortar  deployed  upon  astronaut  command  in  case  of 

crossrange  capability  which  somewhat  affected  the  drogue  parachute  failure.  The  main  parachute,  an  J 

initial  parachute  deployment  conditions.  The  Para-  84.2  ft  diameter  Ringsail  with  seventy-two  suspension  j 

glider  land  landing  program  was  cancelled  half  way  lines  of  550  lbs  strength  each,  was  reefed  to  10.5  per- 

through  the  Gemim  development  program  and  the  cent  (DR/D0i  for  ten  seconds,  and  was  designed  for  a 

back-up  parachute  system  developed  as  the  primary  dynamic  pressure  of  120  psf.  It  lowered  the  Gemini 

system,  for  landing  in  water.  The  ejection  seat  was  capsule  with  a rate  of  descent  of  29  fps  at  water  land- 

maintained  for  back-up  escape.  ing.  The  capsule  was  supported  under  the  parachute 

The  parachute  system  is  shown  in  Figure  1.7  It  in  a harness  with  a hang  angle  of  35  degrees  from 

consisted  of  a mortar  deployed  8.3  ft  diameter,  20-  horizontal.  This  favorable  water  entry  attitude  elimi-  1 ; 

degree  conical,  ribbon  drogue  parachute  reefed  to  rated  the  need  for  a landing  impact  attenuation  bag  j 
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as  used  on  the  Mercury  capsule.  All  parachute  de- 
ployment functions  were  initiated  manually  by  the 
astronauts  with  r.o  automatic  back-up  system. 

The  drogue  parachute,  which  had  the  primary 
purpose  of  stabilizing  the  capsule,  was  deployed  by 
astronaut  command  while  passing  through  the  50,000 
ft  altitude  level  with  a barostatically  controlled  warn- 
ing light  actuated  at  40,000  feet  altitude  At  10,600 
feet,  another  barostatically  controlled  warning  light 
signaled  the  astronaut  to  deploy  the  main  parachute, 
which  started  by  disconnecting  the  drogue  parachute 
to  extract  the  pilot  chute  attached  to  the  R & R sec- 
tion. After  2.5  seconds,  the  R & R section  which 
housed  the  mam  parachute,  was  disconnected,  pulled 
away  from  the  capsule  and  extracted  the  main  para- 
chute. The  reason  for  the  large  pilot  chute  was  to 
lower  the  R & R section  at  a low  rate  of  descent  to 
avoid  recontact  with  the  capsule.  After  full  main 
parachute  inflation  the  astronaut  actuated  a discon- 
nect that  transferred  the  main  parachute  from  the 
single  riser  to  the  V-harness  for  water  landing.  The 
main  parachute  was  iettisoned  by  astronaut  command 
after  water  impact  similar  to  the  Mercury  procedure. 
The  Gemini  mam  parachute  system  was  designed 
to  limit  the  maximum  parachute  force  to  16,000 
lbs  and  the  water  impact  deceleration'  to  less  than 
ISg's492-567 


Figure  1.8  Gtmini  Ejection  Seet  mth  Deployed  Bsilut * 


Ejection  seats  were  the  means  for  back-up  escape. 
The  operating  envelops  extended  from  pad-abort 
(zero-zero  case)  to  an  altitude  of  70,000  feet  at  a 
speed  of  Mach  2.86  and  a maximum  dynamic  pres-, 
sure  of  820  psf.  The  seat  system  consisted  of  the 
ejection  seat,  seat  rocket  catapult,  crew  module  hatch 
actuating  system,  personnel  parachute  and  the  surviv- 
al equipment.  The  escape  system  was  successfully 
tested  for  the  required  performance  envelope;  how- 
ever, NASA  restricted  its  operational  use  to  15,000 
feet  altitude  to  avoid  inteference  with  the  booster 
and  crew  module,  and  tu  minimize  time-related  water 
survival  hazzards.  A Ballute  provided  astronaut  stabil- 
ization in  case  of  high  altitude  bailout  as  shown  in  Fig- 
ure 1.8.  It  was  determined  in  tests,  that  a 48-inch  dia- 
meter unit  was  required  to  provide  sufficient  stability 
and  to  limit  rotation  to  an  acceptable  level.  Other 
subsystems,  procedures  and  survival  equipment  are 
quite  similar  to  aircraft  escape  systems. 

The  Paraglider  land  landing  concept23*24  is 
shown  in  Figure  1.9  The  8.3  ft  diameter  drogue 
parachute  used  tor  spacecraft  stabilization  was 
deployed  at  60.000  feet  altitude.  At  50.000  feet  the 
R & R section  was  disconnected  and  removed  by  the 
drogue  parachute.  The  Paraglider  was  then  deployed 
and  inflated.  The  Paraqlider  design  which  was  the 
predecessor  of  the  single  keel  NASA  Parawing  had  a 
wing  area  of  714  ft*  and  (stored)  gas  inflated  leading 
edges  and  keel.  NASA  Ames  wind  tunnel  tests  pre- 
dicted a glide  ratio  of  better  than  three,  and  a flare- 
out  capability.  In  half  and  full  scale  tests,  problems 
were  encountered  with  deployment  and  inflation  of 
the  Paraglider.  Tests  conducted  in  February  1964, 
appeared  to  have  solved  most  of  these  problems. 


Figure  1.9  Gemini  Paregfider  Deployment 
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However,  the  remaining  time,  prior  to  Gemini  flights, 
was  too  short  to  assume  timeiy  solutions  to  control- 
led flight,  flare-out  landing,  and  stowage  problems. 
"The  program  was  cancelled  in  February  1964, 

A program  was  started  in  September  1962  as  an  in- 
' house  effor*  of  the  NASA  Manned  Spaceflight  Center 
in  Houston.  Texas  to  develop  a land  landing  system 
suitable  for  the  Gemini  capsule25,2®  The  systgm-- 
consists  of  a 70  ft  diameter  Parasail  parachute  with  a 
glide  ratio  of  about  1.1.  Retrorockets  were  incorpor- 
ated for  decreasing  the  vertical  velocity  to  less  than 
5 fps  prior  to  impact  and  for  limiting  the  landing  de- 
celeration to  less  than  5 g's.  The  need  to  compensate 
for  winds, up  to  50  fps  with  this  low  L/D  parachute, 
resulted  in  a high  vertical  velocity  that  could  not  be 
overcome  with  a flareout  maneuver.  The  solution  was 
a rocket  with  a two  step  thrust  level  and  a ground 
feeler  for  rocket  initiation.  The  first  thrust  level 
decelerated  the  vehicle  to  near  zero  vertical  velocity 
above  ground.  The  second  thrust  level,  with  a thrust 
slightly  below  vehicle  weight  lowered  the  capsule 
gently  to  the  ground.  This  approach  permitted  large 
variations  in  weight  and  landing  altitude.  The  landing 
System,  including  a flight  control  mechanism,  a visual 
and  electronic  on-board  landing  reference  system, 
rockets  and  the  total  installation,  was  developed  to  a 
status  where  the  system  could  have  been  used  for  the 
Gemini  spacecraft,  if  required. 

Apollo  Craw  Module  Earth  Landing  System.  The 

operational  requirements  for  the  Apollo  Earth  land- 
ing system  were  defined  by  the  mission  concept  and 
environment-,  that  of  landing  on  the  moon  surface 
and  returning  safely  to  Earth.  NASA  defined  a prob- 
ability figure  for  a successful  mission  which  in  turn 
established  reliability  requirements  for  all  subsystems, 
and  components.  This  approach  was  reflected  in  the 
following  ground  rules  and  design  criteria: 

Water  landing  was  the  primary,  landing  mode,  and 
emergency  land  landing  should  not  cause  major 
injury  to  the  astronauts. 

All  mission  aborts  were  operational  modes  and 
required  back-up  systems. 

The  primary  landing  system  consisted  of  one 
drogue  parachute  and  two  main  parachutes, 
backed  up  by  one . drogue  parachute  and  one 
main  parachute. 

No  single  component  or  subsystem  failure  should 
cause  loss  of  crew  or  mission. 

Single  failure  such  as  loss  of  one  drogue  or  one 
main  parachute  should  be  considered.  The  prob- 
ability of  double  failures  is  below  the  reliability 
threshold  level. 


The  parachute  landing  system  reliability  had  to  be 
equal  to  or  better  than  0.99996. 

Components  that  control  active  functions  such  as 
barostats  had  to  be  designed  for  prevention  of 
non-functioning  as  well  as  prevention  of  premature 
functioning. 

A minimum  factor  of  safety  of  T.35  had  to  be 
proven  in  ultimate  load  tests  for  all  parachute 
~ stages.  s 

All  parachutes  should  be  independently  deployed 
and  should  use  active  deployment  means. 

Some  of  these  rules  did  not  apply  at  the- start  of  the 
program,  but  evolved  as  the  landinq  system  progress- 
ed through  three  crew  module  development  stages. 
These  were  Block  I with  a weight  of  8200  and  9500 
pounds,  Block  II  with  a weight  of  11.000  pounds, 
and  Block  II  H (improved  capability),  a final  version 
after  the  crew  module  fire  with  13,000  pounds. 
Pespite  the  ircrease  in  crew  module  weight,  there  was 
no  increase  in  the  total  parachute  load  that  could  be 
applied  to  the  command  module  structure,  and  no 
increase  in  storage  volume  for  the  parachute  system. 

The  Apollo  parachute  system,  as  described  in 
References  27  and  28  , is  likely  the  most  thorough- 
ly engineered  and  tested  parachute  system  ever  used. 

The  sequence  of  deployment  for  normal  reentry 
landing  is  shown  in  Figure  1.10.  The  forward  heat- 
shield  of  the  crew  module  which  surrounds  the  air- 
lock and  protects  the  parachute  installation,  was 
ejected  at  an  altitude  of  25,000  feet  by  barostat 
signal.  The  heat'hield  was  lowered  by  parachute  at 
a slow  rate  of  descent  to  prevent  recontact  with  the 
command  module.  At  1.6  seconds  after  heatshield 
ejection,  two  reefed  16.5  ft  diameter  drogue  para- 
chutes were  mortar  deployed  and  disreefed  after  six 
seconds.  One  drogue  parachute  constituted  the 
primary  system,  the  second  drogue  was  a back-up 
parachute  but  was  simultaneously  deployed  to  simpli- 
fy drogue  parachute  failure  sensing  the  main  para- 
chute deployment.  At  10,000  reet  attitude,  both 
drogue  parachutes  were  disconnected  by  barostat 
signal  and  three  7.2  ft  diameter  ringslot  pilot  chutes 
were  mortar  ejected  normal  to  the  command  module 
main  axis.  The  pilot  chutes  extracted  the  three  reef- 
ed 83.5  ft  diameter  Ringsail  main  parachutes  which 
were  disreefed  in  two  steps  after  six  and  ten  seconds. 
Only  two  parachutes  formed  the  primary  system,  but 
the  third  (back-up)  parachute  (deployed  simultaneous- 
ly for  simplicity  reasons),  also  provided  a lower  water 
entry  velocity.  Parallel  fully  automatic  sequencing 
systems  were  used  for  all  deployment  functions  with 
an  astronaut  manual  override  as  back-up.  The  astro- 
nauts could  deploy  the  drogue  parachutes  above 
25.000  feet  altitude  in  case  of  command  module 
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Figure  1. 10  Apollo  Recovery  System  Deployment  For  Normal  Landing 


stability  problems.  Parachute  disengagement  after 
landing  was  strictly  upon  astronaut  command. 

The  command  module  was  lifted  off  the  booster 
by  the  launch  escape  rockets.  A time  controlled 
deployment  sequence  was  used  for  pad -abort,  and  a 
time  and  barostat  controlled  sequence  for  high  alti- 
tude abort 

The  design  and  installation  of  the  final  Block  II  H 
parachute  system  was  critically  affected  by  the  sixty 
percent  growth  in  command  module  weight,  the 
command  module  instability,  the  wake  effect  of  the 
large  forebody,  the  required  protection  against  re- 
entry heading  /and  the  extreme  pressure  packing 
requirements.  The  final  parachute  system  is  shown  in 
Figure  1.11  and  detailed  in  Table  1.2.  The  total 
recovery  systems  weight  including  morte.s,  risers  and 
deployment  bagf  for  the  two  drogue  and  three  main 
parachute  systems  was  573  lbs.  The  following  recov- 
ery system  characteristics  are  of  special  technical 
interest. 


Riser  Heat  Protection  and  Attachment  Starting 
with  Block  II,  it  was  concluded  that  the  docking 
tunnel  of  the  unstable  command  module  could 
contact  the  drogue,  pilot  and  main  parachute  risers. 
Steel  cables  were  substituted  for  the  lower  portion  of 
all  three  risers.  Stowing  the  steel  cables  in  the  mor- 
tars and  avoiding  cable  kinking  was  solved  by  use  of 
flexible  four-ply  steel  cables  for  drogue  and  pilot 
parachutes,  pre-twisting  them  and  casting  them  for 
stowage  in.  lightweight  foam  which  shattered  at 
deployment.  All  drogue  and  main  parachute  risers 
were  individually  attached  to  the  command  module 
in  the  so-called  flower  pot.;  Cutting  of  individual 
cable  wires  on  the  seams  of  the  titanium  flower  pot 
was  avoided  by  wrapping  all  cables  with  lead  tape. 

Parallel  and  series  redundancy  was  used  in  the 
sequencing  system,  the  reefing  system  and  certain 
propellant  activated  functions.  The  two  sequencing 
systems  that  controlled  automatic  parachute  deploy- 
ment contained  two  barostat  units  each  for  drogue 
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TABLE  1.2  APOLLO  PARACHUTE  SYSTEM  DATA 


Item 

Units 

Drogue  Parachute 

Main  Parachute 

Number 

2 

3 

Diameter  (0o) 

(ft) 

16.5 

83.5 

Type 

25° 

Conical  ribbon 

Ringsail 

No.  of  gores/lines 

20 

68 

Line  length  ratio 

MV 

2.0 

1.48 

Strength  of  lines 

(lbs) 

2500 

650 

Porosity 

1%) 

22.4 

12.5 

Reefing 

1 step 

2 steps 

Reefing  (DR/D0) 

42.8*5* 

8.4%  (mid-gore) 
24,8%  (mid-gore) 

Drag  area,  full  open 

(ft2) 

1-14 

4200 

Parachute  assy,  weight 

(lbs) 

49.86* 

135.5** 

Design  dynamic  pressure 

max  (psf) 

204 

90 

Dynamic  pressure 

min  (psf) 

10 

30 

Deployment  altitude 

(ft) 

3000-40,000 

2500-18,000 

Limit  load 

(lbs) 

17,200 

(Reefed  open) 

22,900 

(Stage  2 reefed  open) 

* includes  mortar  and  riser 
**  includes  riser 


parachute  and  main  parachute  deployment.  For  each 
step,  four  barostats  were  used,  two  in  series  and  two 
in  parallel;  this  protected  against  premature  opera- 
. ticin  and  ensured  functioning  at  the  right  altitude. 
Dual  independent  reefing  lines  with  two  cutters  each 
were  used  for  the  drogue  parachute  and  the  first 
reefing  stage  of  the  main  parachute.  This  assured 
cutting  of  the  lines  at  the  proper  time  and  protected 
against  catastrophic  parachute  failure  caused  by  pre- 
mature severance  of  only  one  reefing  line.  No  dual 
lines  were  required  for  the  second  reefing  stage  of  the 
main  parachute  since  premature  severance  would  not 
have  caused  a catastrophic  parachute  failure.  All 
propellant  units  used  double  initiators  actuated  by 
both  sequencing  systems. 

The  main  parachutes  were  installed  in  three  of  the 
four  quadrants  surrounding  the  center  airlock.  Heat 
protection  required  that  a one-inch  gap  be  maintained 
between  the  parachute  packs  and  the  forward  heat- 


shield.  This  space  penalty  coupled  with  the  increased 
parachute  weight  and  volume  due  to  the  command 
module  weight  increase,  caused, major  packing  prob- 
lems. The  final  solution  included  stainless  steel  reef- 
ing rings  and  cutters  to  avoid  bending,  protective 
layering  to  prevent  damage  to  the  parachute  cloth, 
stepwise  packing  of  canopies,  lines  and  risers  with 
associated  vacuum  suction  to  remove  entrapped  air. 
Teflon  powder  lubricants,  a one-week  packing  time 
and  X-ray  inspection  of  each  pack.  The  packed  para- 
chute was  then  stowed  under  vacuum  in  a wooden 
form  duplicating  the  parachute  stowage  compartment 
and  wrapped  with  two  layers  of  plastic  film.  These 
measures  solved  the  packing  problem  but  greatly 
increased  packing  time  and  cost. 

Extensive  textile  material . tests  were  conducted  at 
a 10"6  torr  vacuum  combined  with  duplicating  re- 
entry pressure  rise  and  temperature  conditioning. 
The  strength  degradation  due  to  vacuum  was  below 
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Figure  1. 1 1 Apollo  Drogue  And  Main  Parachute  Assemblies 


five  percent.  This  was  less  than  the  degradation  caus- 
ed by  the  165°F  temperature  due  to  reentry  heating 
and  the  unexpected  heating  of  the  outside  of  the 
main  parachute  deployment  bags  due  to  airflow  from 
the  hot  rear  heatshield. 

The  Apollo  parachute  landrng  system  effort  was 
the  largest  of  all  U.S  parachute  recovery  system 
development  programs.  It  resulted  in  fifteen  consecu- 
tive. sqccessful  manned  landings,  eleven  for  Apollo, 
three  for  Spacelab  and  one  for  the  joint  U.S. -USSR 
Apollo-Sc^yuz  flight. 


Booster  Recovery 

Recovery  of  boosters  has  been  extensively  studied 
since  the  days  of  WAC  Corporal  and,  the  Redstone 
rocket  and  some  attempts  were  started  but  never  com- 
pleted. More  than  100  reports  have  been  published 
on  booster  recovery  studies  of  vehicles  up  to  NERVA 
size  with  recovery  by  ballistic  parachutes,  gliding 
parachutes,  hot  air  balloons,  retrorockets,  wings  and 
about  every  other  concaivable  means.  More  serious 
Studies  included  recovery  of  the  first  stage  Minute- 
man  booster  and  the  Saturn  Sl-C  boosters  . 

Space  Shuttle  Requirements.  The  first  decision  to 
recover  a booster  for  reuse  was  made  when  the 


National  Aeronautics  and  Space  Administration  estab- 
lished the  Space  Shuttle  program  and  included  a re- 
quirement for  recovery  of  the  solid  rocket  boosters30 
In  initial  feasibility  studies,  liquid  propellant  boosters 
in  the  500,000  lb  class  were  considered,  but  in  1972 
NASA  decided  on  two  solid  propellant  rockets  for 
first  stage  boosters. 

The  Space  Shuttle  System  consists  of  three  major 
components:  the  Orbiter,  the  External  Tank  contain- 
ing liquid  oxygen  and  liquid  hydrogen  for  the  orbiter 
engines  and  two  Solid  Rocket  Boosters  (SRB)  strap- 
ped to  the  outside  of  the  External  Tank.  The  Space. 
Shuttle  is  launched  at  the  Kennedy  Space  Center 
(KSC)  in  Florida  from  a vertical  position  and  fires 
simultaneously,  the  main  Orbiter  engines  and  the 
SRB's,  whose  thrust  is  programmed  by  internal  design. 
Burn-out  of  the  SRB  occurs  after  122  seconds  at 
an  altitude  of  140,000  feet  at  a speed  of  approxi- 
mately 4400  fps  at  a trajectory  angle  of  28  degrees 
to  the  horizontal.  Booster  separation  is  accomplished 
with  separation  rockets.  The  empty  booster  shells, 
weighing  approximately  175,000  lbs  each,  reach  an 
apogee  altitude  of  200,000  feet  and  reenter  broad- 
side, decelerating  to  subsonic  speeds.  Parachute 
recovery  is  initiated  at  approximately  16,000  feet. 
The  recovery  system  is  designed  for  a water  entry 
velocity  of  85  fps.  The  boosters  and  the  main  recov- 
ery components  are  recovered  by  ship,  transported 
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back  to  the  launch  area  and  refurbished  for  reuse. 
NASA  is  aiming  at  twenty  launches  per  booster  and 
ten  to  twenty  flights  per  recovery  system. 

Recovery  System  Operation  and  Design.  Figure 
1-12  shows  the  Solid  Rocket  Booster  recovery 
sequence31  . A command  from  the  Orbiter  prior  to 
booster  separation,  arms  the  recovery  system  and  two 
altitude  switches.  The  booster  descends  into  the 
lower  atmosphere  in  a nearly  horizontal  attitude.  At 
16,000  feet  altitude  and  a dynamic  pressure  of  190 
psf,  the  first  altitude  switch  initiates  thruster  ejection 
of  the  small  nose  cap  of  the  booster.  Separation  of 
the  nose  cap  deploys  an  11.2  ft  diameter  conical 
ribbon  pilot  chute  stored  below  the  nose  cap.  Force 
from  the  fully  inflated  pilot  chute  opens  the  drogue 
parachute  retention  straps  and  rotates  the  droguo 
parachute  deployment  bag  from  its  mounting  on  the 
deck  of  the  nose  frustum.  The  pilot  chute  then  de- 
ploys the  54-ft  diameter  conical  ribbon  drogue  para- 
chute in  its  first  reefed  stage.  The  reefed  drogue  para- 
chute starts  the  rotation  of  the  booster  into  an  axial 
alignment  with  the  relative  airstream.  After  seven 
seconds,  the  drogue  parachute  opens  to  its  second 
stage,  and  disreefs  fully  after  twelve  seconds. 

At  a nominal  altitude  of  6600  feet,  a second  alti- 
tude switch  initiates  separation  of  the  nose  frustum 
from  the  booster  body  by  means  of  a linear  shaped 


charge.  The  drogue  parachute  pulls  the  frustum  away 
from  the  booster  and  deploys  three,  115-ft  diameter 
conical  ribbon  main  parachutes.  These  parachutes 
disreef  in  two  stages  after  ten  and  seventeen  seconds 
each.  The  configuration  and  dimensions  of  all  three 
parachute  assemblies  are  shown  in  Figure  1.13  and 
are  listed  in  Table  1.3.  Each  deploying  main  para- 
chute pulls  a foam  plastic  float  and  a self-floating 
location  aid  unit  from  the  deployment  bag.  These 
devices  are  attached  to  the  parachute  apex  with 
energy  absorbing  lanyards. 

At  water  impact,  six  attachment  fittings  that 
connect  the  three  main  parachutes  to  the  booster 
body,  two  per  parachute,  are  disconnected  and  the 
parachutes  descend  to  the  water.  The  parachute  sus- 
pension lines  are  pulled  down  by  the  metal  discon- 
nect fitting  until  each  parachute  is  suspended  vertical- 
ly from  its  float.  A reefing  cutter  separates  the  loca- 
tion unit,  containing  an  RF  beacon  and  a strobe  light 
from  the  parachute  float;  however,  the  location  unit 
remains  tethered  to  the  float.  During  the  first  actual 
booster  recoveries,  NASA  will  investigate  a method 
where  the  main  parachutes  remain  tethered  to  the 
boosters.  The  drogue  parachute  hanging  on  its  own 
float,  remains  tethered  to  the  self-floating  nose  frus- 
tum which  has  its  own  RF  beacon  and  strobe  light 
attached  to  the  top  of  the  frustum.  The  booster 
which  floats  seventy-five  percent  emerged  in  a vertical 
position,  also  is  equipped  with  location  gear. 


$ Booster  Bum-Out 
H - 140.000  ft 
T - 122  tec. 

V - 4400  fps 


Booster  Apogee  st  200,000  ft. 


\ 

Booster  Descent 


H - IS. OOO  ft  q - 130  psf 
Pilot  Parachute  Deployed 
Drogue  Parachute 


Drogue  Parachute  Opens 
. 3 Steps 


H - SfiOOft. 

3 Main  Parachutes 
Deployed 


Booster,  3 Mein  Parachutes, 
1 Frustum  end  Drogue 
Parachute  Float 


Figure  1. 12  Solid  Rocket  Booster  Recovery  Sequence 
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Figure  1. 13  Solid  locket  Booster  Recovery  System 


TA8LE  1.3  SOLID  ROCKET  BOOSTER  RECOVERY  PARACHUTE  DATA 


Parameter 

Pilot  Chute 

Drogue  Chute 

Main  Parachute 

Number  of  parachutes 

1 

1 

' 3 

Type 

Conical  ribbon 

Conical  ribbon 

Conical  ribbon 

Diameter  Da,  foet 

16 

54 

115 

Number  of  lines 

16 

60 

96 

Length  of  lines,  ie.  feet 

18 

100.5 

132 

Number  of  risers 

1 

12 

8 

Length  of  riser,  ir,  feet 

. 32 

4.5 

40 

Trailing  distance  ratio,  X/Db  (1) 

2.88 

6.05 

9.91 

Weight  of  parachute,  lbs 

, 27.4 

1112 

1 502  each 

Weight  of  parachute  assembly,  lbs(2) 

38.6 

1224 

1656  each 

n>  ob  ■ Maximum  forebody  diameter,  X = distance  between  canopy  leading  edge  and  forebody  trailing  edge. 
(2)  Includes  flotation  foam  blocks  but  not  location  units. 
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Retrieval,  Refurbishment  and  Reuse  Considerations. 
The  booster  with  main  parachutes  and  the  frustum 
with  the  attached  drogue  parachute  enter  the  water 
approximately  120  to  140  miles  off  the  Florida  coast 
within  a dispersion  ellipse  of  approximately  nine  by 
six  miles.  The  recovery  crew;  waiting  outside  the  dis- 
persion ellipse,  locates  the  booster  floating  upright  in 
the  water  and  closes  the  rocket  nozzle  with  a plug. 
The  water  inside  the  booster  is  replaced  with  com- 
pressed air,  which  causes  the  booster  to  change  to  a 
horizontally  floating  position.  The  floating  booster  is 
then  towed  to  the  Kennedy  Space  Center  and  lifted 
from  the  water  by  crane.  The  seven  sections  of  the 
booster,  the  nose  section,  the  four  rocket  propellant 
sections  and  the  nozzle  section  with  the  thrust  vector 
control  mechanism,  are  disassembled  and  prepared 
for  refurbishment. 

The  main  parachutes,  floating  vertically  in  the 
water,  are  wound  on  drums.  The  drums  with  the 
main  parachutes,  and  the  nose  frustum  with  the 
attached  drogue  parachute,  are  taken  aboard  ship  and 
returned  to  the  KSC.  The  parachutes  are  brought  to 
the  "defouling  area”,  attached  to  an  overhead  mono- 
rail.  straightened  out  and  pulled  into  wash  tubs. 
Washing  is  accomplished  by  recirculating  regular  tap 
water  and  moving, the  parachutes  until  the  water  salt 
content  is  below  0.5  percent.  The  parachutes  are 
then  removed  and  placed  in  forced  air  dryers  where 
air,  at  160°F,  is  circulated  through  the  parachutes  for 
several  hours.  Thereafter,  parachutes  are  inspected, 
repaired  as  necessary,  and  released  for  repacking.  No 
precise  procedures  for  inspection,  rejection  or  accept- 
ance have  been  established  at  this  time. 

Special  design  considerations  for  ten  to  twenty  use 
cycles  have  included  analysis  of  aircraft  landing  decel- 
eration parachute  procedures.  These  parachutes  are 
used  as  many  as  twenty-five  to  fifty  times.  A total 
design  factor  of  3.0  was  established  for  all  parachute 
components,  which  include  the  factor  of  safety  and 
all  degrading  factors  such  as  seam  connections, 
fatigue,  humidity,  etc. 


EMERGENCY  RECOVERY 

Recovery  systems  which  enable  emergency  escape 
of  crewmembers  from  disabled  aircraft  encompass  a 
wider  operational  envelope  of  initial  conditions  than 
any  other  recovery  system,  with  the  possible  excep- 
tion of  manned  spacecraft.  Primary  trainers,  aircraft 
capable  of  vertical  takeoff  and  landing  (VTOU  and 
helicopters  operate  in  die  low  speed  and  low  altitude 


region  of  the  emergency  escape  envelope.  The  medi- 
um velocity  range  is  covered  by  cargo,  patrol  and 
aerial  tanker  aircraft.  In  the  high  subsonic  and  super- 
sonic range,  advanced  trainers,  bombers,  fighters  and 
special  aircraft  extend  the  escape  envelope  require- 
ment to  dynamic  pressures  in  excess  of  1200  psf, 
speeds  beyond  Mach  3.0  and  altitudes  above  80,00 
feet.  Escape  systems  consist  of  multiple  subsystems 
which  eject  the  crewmember  from  the  aircraft,  pro- 
vide for  stabilization  and  deceleration,  effect  man-seat 
separation  (when  applicable)  and  obtain  final  descent 
by  a single  or  multiple  parachute. 

Five  different  modes  of  emergency  escape  are 
defined: 

( 1 ) Bailout,  where  the  crewmember  leaves  the  air- 
craft under  his  own  power  by  means  of  a door, 
escape  hatch  or  over  the  side,  and  uses  a man- 
ually or  automatically  opened  personnel  para- 
chute for  landing. 

(2)  Tractor  rocket  extraction,  where  the  crew- 
member is  pulled  from  the  seat  and  out  of  the 
aircraft  by  a tractor  rocket  (Yankee  System); 
the  personnel  emergency  parachute  opening  is 
initiated  either  manually  or  by  automatic  con- 
trol. 

(3)  Ejection  seat  where  the  crewmember  it  cata- 
pulted from  the  aircraft  and  propelled  upward 
in  the  rocket  boosted  seat.  One  or  several 
parachutes  are  used  sequentially  to  stabilize 
the  seat.  After  man-seat  separation,  an,  auto- 
matically deployed  personnel  parachute  low- 
ers the  crewmember  to  the  ground. 

(4)  Encapsulated  seat,  where  the  crewmember  it 
catapulted  and  rocket  ejected  from  the  air- 
craft in  an  encapsulated  seat,  stabilized  by  a 
drogue  parachute  and  aerodynamic  means, 
and  lands  in  the  encapsulated  seat  using  a 
large  final  descent  parachute  and  ground 
impact  attenuator. 

(5)  Crew  module,  where  the  entire  aircraft  crew 
escapes  in  a module  which  forms  part  of  the 
aircraft.  The  module  is  separated  from  the  air- 
craft by  solid  propellant  or  mechanical  means, 
rocket  ejected,  stabilized  by  parachutes  and 
other  drag  devices,  and  lands  with  the  crew  in- 
side the  module  using  a large  single  or  duster 
of  parachutes  and  a ground  impact,  attenua- 
tion system. 
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Reference  32  suggests  certain  applications  (speed/ 
attitude)  ranges  for  the  various  escape  systems  de- 
scribed above. 

Parachutes  are  major  components  of  escape  sys- 
tems, but  have  to  be  integrated  with  other  subsystems 
to  form  the  total  recovery  system  which  in  turn  has 
to  be  integrated  into  the  air  vehicle.  In  this  section, 
requirements  for  design  and  application  of  emergency 
personnel  parachutes,  and  parachutes  for  escape 
sytems  are  discussed,  followed  by  descriptions  of 
representative  systems. 

Requirements 

Emergency  escape  systems  are  designed  to  meet 
the  following  criteria:  the  aircraft  crewmember  must 
survive  emergency  escape  in  a condition  suitable 
for  him  to  aid  in  his  own  survival.  References  33,  34 
and  35  provide  general  requirements  for  emergency 
escape  systems. 

These  escape  criteria  establish  the  following  para- 
chute requirements: 

reliability  of  parachute  operation, 
fast  parachute  opening, 

low  parachute  opening  forces  and  ground  impact 
stresses  within  the  physiological  limitations, 

low  parachute  oscillation, 

personnel  harness  with  comfortable  fit  and  good 
foad  distribution, 

parachute  quick  disconnect  for  landing,  donrting 
the  harness  and  for  aircraft  ingress  and  egress, 
low  weight  and  volume  of  the  parachute  assembly 
and  ease  of  maintenance  and  service. 

Desirable  requirements  include: 
low  cost, 

canopy  collapse  after  water  landing,  and 

suitability  for  long  time;  storage,  long  repacking 
interval  and  compatible  with  a wide  spectrum  of 
operational  environments. 

With  the  exception  of  reliability,  the  above  require- 
ments are  not  necessarily  in  the  order  of  importance. 

ReHability.  The  fact  that  operational  reliability  of 
a crew  escape  system  parachute  is  the  number  one 
priority  is  self-explanatory.  For  aircrew  escape,  para- 
chute operation  in  the  wake  of  a large,  unstable,  fore-' 
body  must  be  reliable  a*ter  deployment  has  been  ini- 
tiated within  a wide  speed  and  altitude  range. 


Fast  Opening.  An  emergency  escape  parachute 
should  open  rapidly  at  low  speed  to  maximize  crew- 
member survival.  Numerous  design  approaches  have 
been  investigated  including  pull-down-vent  lines,  para- 
chute canopy  ballistic  spreaders,  stepwise  disreefing 
and  other  methods  in  order  to  achieve  these  perfor- 
mance characteristics  in  a single  design.  Each  of  these 
techniques  has  brought  improvements  in  certain  areas 
but  introduced  problems  in  others. 

Lew  Opening  Force.  The  total  canopy  opening 
process  should  provide  low  snatch  force  as  well  as 
low  canopy  opening  force.  Parachute  force  applica- 
tion to  the  human  body  is  a complex  process  and 
involves  magnitude  of  force,  force  duration,  force 
onset  rates,  direction  of  force  and  the  combined 
effect  of  deceleration  in  three  orthogonal  planes.  In 
addition,  a free  falling  human  body  has  a different 
response  to  applied  forces  than  a body  restrained  in  a 
seat  or  a crew  module.  References  39  and  40  con- 
tain comprehensive  coverage  of  the  biological  and 
physiological  aspect  of  flying  and  escape. 

Low  Rate  of  Descent.  A sea  level  rate  of  descent 
of  20  fps  for  a 200  lb  man  or  a 24  fps  vertical  veloc- 
ity for  a 98th  percentile  man  and  equipment  (295  lb 
weight)  are  the  accepted  standards.  However,  a lower 
rate  of  descent  is  always  welcome  if  it  can  be  obtain-' 
ed  within  the  permissible  weight,  volume  and  para- 
chute force  and  opening  time  limitations. 

Parachute  Oscillation.  A 20  degree  oscillation  is 
currently  considered  as  an  acceptable  maximum 
amplitude.  Present  trends  are  to  tighten  this  require- 
ment for  personnel  parachutes.  Escape  systems  that 
use  ground  impact  attenuation  systems  require  that 
osciailations  be  less  than  10  degrees  from  vertical. 

Malfunction  Prevention.  Such  malfunctions  as 
canopy  inversions  can  adversely  effect  rate  of  descent 
and  cause  canopy  damage. 

Comfortable  Harness  Fit  and  Load  Distribution. 
Parachute  harnesses  are  worn  for  many  hours  and 
should  be  as  comfortable  as  feasible  without  com- 
promising integrity.  This  is  sometimes  detrimental  to 
a good  parachute  load  distribution  in  the  harness 
which  encourages  dissemination  of  the  load  over  a 
wide  body  area. 
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Parachute  Quick  Disconnect.  After  landing,  a 
means  of  rapidly  disconnecting  the  parachute  from 
the  crewmember  is  required  to  prevent  dragging  in 
high  surface  winds  across  ground  or  water.  Quick-dis- 
connects  are  also  used  for  connecting  the  crewmem- 
ber to  a personnel  parachute  that  is  part  of  an  ejec- 
tion seat  and  for  quick  egress  from  the  seat  in  case  of 
ground  emergencies.  A single  point  quick-disconnect 
that  serves  all  these  applications  can  have  significant 
advantages. 

Low  Weight  and  Volume.  Weight  and  volume 
affect  pilot  comfort  and  mobility,  escape  system 
volume  and  aircraft  design. 

Ease  of  Maintenance  and  Service.  The  repacking 
cycle  for  personnel  parachutes  and  the  complex  main- 
tenance of  explosive  components  sequencing  and 
separation  systems  can  affect  the  in-service-time  of 
aircraft.  Long  time  storage,  lonq  repacking  intervals, 
the  need  for  elaborate  inspection  and  packing  equip- 
ment and  insensitiveness  to  the  aircraft  and  opera- 
tional environment  are  some  of  the  requirements  that 
affect  the  maintenance  of  personnel  parachute  and 
escape  systems. 

Canopy  Collapse  after  Water  Landing.  Crewmem- 
bers that  land  in  water  during  high  surface  winds  may 
not  be  able  to  move  their  arms  forward  against  water 
resistance  to  actuate  the  canopy  disconnects.  This 
can  result  in  drowning.  A fully  automatic  water  ac- 
tuated canopy  disconnect  or  other  automated  means 
of  canopy  collapse  is  desired. 

Personnel  Emergency  Parachute  Types 

The  Parachute  Board  of  the  U.S.  Air  Service 
in  1924  introduced  a 28  ft  diameter  flat  parachute 
canopy  with  28  gores  and  suspension  lines  as  the  inte- 
gral part  of  personnel  emergency  parachutes  for  air 
crews.  This  parachute  in  modified  form  still  is  in  use 
today  by  military  services  as  a personnel  emergency 
parachute.41  Generally  known  as  the  C-9  canopy, 
it  has  withstood  ail  attempts  to  replace  it  with  a 
"better."  parachute  as  a general  application  item.  The 
outstanding  characteristic  of  this  parachute  is  its  relia- 
bility of  opening  unde*'  adverse  deployment  condi- 
tions. 

Numerous  modifications  of  the  C-9  parachute  have 
been  tested  or  introduced  into  service  to  obtain  speci- 
fic improvements. 


Quarter  Bag.  A small  deployment  bag,  called  a 
quarter  bag,  encloses  the  skirt  of  the  canopy  and 
incorporates  stowage  of  the  suspension  lines  on  the 
outside  of  this  flat  bag  in  stow  loops.  At  parachute 
deployment  the  pilot  chute  ejects  and  pulls  the 
canopy,  with  its  skirt  enclosed  in  the  quarter  bag, 
away  from  the  parachute  pack  and  removes  the  sus- 
pension lines  from  the  stow  loops  on  the  outside  of 
the  quarter  bag.  This  keeps  the  mouth  of  the  canopy 
closed  until  line  stretch  occurs.  Use  of  the  quarter 
bag  results  in  beter  control  of  canopy  opening,  lower 
opening  forces  and  a slightly  higher  operational  speed. 
A different  parachute  pack  is  used  with  the  quarter 
bag  than  when  a quarter  bag  is  not  used. 

Canopy  Spreader.  The  U.S.  Navy  has  developed 
and  put  in  service  the  "Ballistic  Spreader  Gun."  This 
is  a piopellant  actuated  device  held  at  the  skirt  level 
inside  the  parachute  canopy.  At  line  Stretch,  small 
weights  attached  to  each  suspension  line  are  fired  rad 
ially  outward  to  about  1/3  of  the  inflated  canopy  dia- 
meter. This  creates  an  instantaneous  mouth  opening 
of  the  canopy  and  resultant  faster  canopy  inflation. 
Canopy  inflation  time  at  low  speeds  is  decreased  by 
about  25  percent,  with  little  chanqe  in  inflation  time 
at  high  speed.  Use  of  the  canopy  spreader  produces 
higher  parachute  opening  loads  at  low  speeds.  The 
canopy  spreader  is  installed  in  most  Navy  ejection  seat 
parachutes  with  the  exception  of  the  seats  installed 
on  T-33  and  OV-IO  aircraft. 

Pull  Down  Vent  Line.  To  obtain  faster  low  speed 
C-9  canopy  inflation  the  U.S.  Air  Force  and  Navy 
have  tested  and  put  in  service  a pull  down,  vent  line. 
42, 43, 44, 46  This  line  attaches  to  the  two  rear 
risers  and  to  the  inside  of  the  canopy  vent.  This  line 
pulls  the  vent  of  the  inflated  parachute  down  to 
slightly  above  the  level  of  the  skirt.  The  intent  iS  to 
achieve  a resultant  shorter  inflation  time  and  dis- 
tance. A vent  line  weak  link  normally  breaks  before 
full  canopy  opening  depending  on  the  air  speed  mag- 
nitude. 

Four  Lin*  Balaam  System.  The  USAF  has  adopted 
the  "Four  Line  Re'ease  System."  After  the  crew- 
member has  a fully  inflated  parachute,  he  disconnects 
four  suspension  lines.  This  causes  a vent  at  the  skirt 
of  the  parachute  through  which  entrapped  air  escapes 
radially  thereby  creating  a reaction  force  and  glide  in 
the  opposite  direction.  Gliding  stabilizes  the  para- 
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chute  and  slightly  decreases  the  vertical  velocity.  The 
latest  design  uses  a daisy  chain  arrangement  which  dis- 
connects four  lines,  numbers  1,  2,  27  and  28.  Dais/ 
chain  disconnect  lanyards  are  attached  to  lines  3 and 
26  which  can  be  used  for  steering  the  parachute.  De- 
creased oscillation  and  increased  maneuverability  are 
the  primary  benefits.  Control  of  the  parachute  glide 
provides  a means  of  avoiding  ground  obstacles  and 
turning  into  the  wind  prior  to  landing. 

Water  Deflation  Pockets.  The  U.S.  Navy  has  devel- 
oped "Water  Deflation  Pockets"  for  collapsing  para- 
chutes that  are  dragged  through  the  water  by  high 
surface  winds. 47  / 48  These  pockets  are  attached 
on  the  outside  of  alternate  gores  at  the  skirt,  with  the 
opening  opposite  to  the  direction  of  flight.  In  case  of 
water  dragging,  the  pockets  on  the  water  surface  will 
with  water  and  collapse  the  parachute. 

Other  Personnel  Emergency  Parachutes.  In  the  last 
25  years  the  services  have  made  several  attempts  to 
develop  an  improved  personnel  emergency  parachute. 
Several  designs  have  been  introduced  but  have  not 
survived.  Their  superiority  in  certain  areas  was  always 
overshadowed  by  shortcomings  in  other  areas  limiting 
their  general  usefulness. 

Conical  26  Ft  Personnel  Parachute.  The  U.S.  Navy 
in  the  late  1950s  developed  a 26  foot  diameter  solid 
conical  parachute.49  The  parachute  had  less  weight 
and  volume  and  was  slightly  more  stable  than  the  C-9 
parachute.  However,  it  had  a higher  rate  of  descent 
and  higher  opening  loadSj  It  is  still  in  service  in  the 
Navy  NB-6  parachute  assembly  used  with  the  C-1A 
aircraft 

Skysail.  A personnel  version  of  the'  Ringsail  para- 
chute, 29.5  feet'  in  diameter,  was  tested  and  used  in 
service  by  the  U.S.  Navy.60  Its  pro's  and  con's  were 
quite  similar  to  the  Guide  Surface  personnel  para- 
chute. 

The  U.S.  Army  T-10  parachute  is  used  in  one 
USAF  ejection  seat  application,  and  British  design 
parachutes  are  used  in  several  Martin-Baker  ejection 
seat  models.  Numerous  other  parachute  designs  were 
tested  for  personnel  parachute  applications  but  were 
never  put  in  service  including  the  Disk-Gap-Band 
parachute  8*  , the  Star  parachute  67  , the  Cross  para- 
chute 83  and  a parachute  of  stretch  fabric  84  . None 
of  these  parachutes  satisfactorily  met  the  stringent 
requirements  of  personnel  emergency  escape. 


A list  of  C-9  parachute  modifications  and  the  para- 
chutes temporarily  used  as  replacement  and  later 
removed  from  service  indicate  one  fact.  The  Seivices 
are  still  searching  ,for  a personnel  emergency  para- 
chute with  less  weight  and  volume,  a low  rate  of 
descent,  faster  opening  at  low  speed  and  acceptable 
opening  loads.  The  parachute  must  be  as  reliable  for 
deployment  from  adverse  conditions,  and  as  easy  to 
maintain  and  repair  as  the  "old  reliable"  C-9  para- 
chute. 

Most  emergency  personnel  parachutes  used  by  the 
Armed  Services  use  the  canopy- first  deployment 
method.  The  paracnute  pack  is  opened  by  manual  or 
automatic  ripcord  pull.  This  frees  a spring  loaded  36 
inch  diameter  pilot  chute  which  ejects  itself  into  the 
airflow  and  deploys  the  parachute  in  a canopy,  sus- 
pension lines  and  riser  sequence.  In  order  to  provide 
deployment  control,  the  U.S.  Air  Force  has  used  skirt 
hesitators.  and  is  now  using  the  quarter-bag  deploy- 
ment method  lor  high  speed  and  most  ejection  seat 
applications. 

A typical  personnel  parachute  pack  consists  of  a 
back  panel  with  fot  ‘laps  that  enc'ose  the  canopy 
and  pilot  chute.  Th-  laps  are  frequently  closed  with 
three  or  four  cones  and  pull  pins.  Pull  of  the  ripcord 
extracts  the  pins.  The  spring  loaded  flaps  open  and 
the  pilot  chute  ejects.  One  USAF  high  speed  person- 
nel parachute  uses  a two  pin  smooth  pack  (BA- 18)  in 
connection  with  the  quarter  deployment  bag. 

All  personnel  parachutes  used  for  emergency 
escape  use  an  automatic  parachute  pack  opener.  This 
device  incorporates  an  altitude  limiter  that  prevents 
automatic  parachute  opening  at  altitudes  above 
14,000  to  15,000  feet  and  a time  delay  to  prevent 
opening  at  speeds  in  excess  of  200  knots,  "ne  well 
known  F-18  spring  actuated,  automatic  ; achute 
ripcord  release  is  being  replaced  in  ali  - ilitary 
personnel  parachute  assemblies  with  a ca:  trid  actua- 
ted automatic  opener  known  as  FXC  mod  7000 
and  11000. 

Table  1.4  lists  U.S.  Air  Force  personnel  emer- 
gency parachutes  8nd  Table  I S ists  U.S  Navy 
personnel  emergency  parachutes  more  detailed 
listing  of  parachutes  and  wba*  ,s  used  in  what 
aircraft  can  be  found  for  the  Air  Force  in  Reference 
88  , and  for  the  Navy  in  Reference  S3  . In  U.S. 
Army  helicopters,  liaison  and  reconnaissance  aircraft, 
Air  Force  style  parachutes  are  used. 
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TABLE  1.5  U.S.  NAVY  PERSONNEL  EMERGENCY  PARACHUTES 


(U  NB  - Back  Style ; NC  - Chest  Style;  NS  • Seat  Style;  NES  « Ej*ct.S#et  Style 
(21  SF  - Solid  Flat  Circular; 

(31  POVL  “ Full  Down  Vent  Line 

(4)  NB-7  and  N0-7O  differ  in  arrangement  of  survival  equipment 


B.'Mout 

All  personnel  flying  military  aircraft  without 
mechanical  escape  means  (ejection  seats,  rocket  ex- 
traction systems,  crew  modules)  use  personnel  para- 
chutes for  escape  in  case  of  emergencies.  Aircraft  so 
classified ' include  the  C-47,  C-117,  C-121,  C-130, 
C-141,  cargo  type  aircraft,  KC-135  tankers,  T-29, 
T-28,  T-34,  T-39  trainers,  ail  helicopters  and  liaison 
type  aircraft.  The  exceptions  are  military  multi-en- 
gine air  transport  flights;  passengers  on  these  flights 
are  not  required  to  wear  personnel  parachutes.  De- 
pending on  the  type  of  aircraft,  the  mission  flown 
and  the  work  to  be  performed  during  the  mission, 
personnel  will  use  back  or  chest  type  parachute 
assemblies.  A parachute  assembly  includes  the  para- 
chute, the  pack  and  harness,  and  may  include  a sur- 
vival kit,  life  raft  and  other  equipment.  All  parachute 
assemblies  used  by  Army,  Navy  and  Air  Force  for  bail- 
out incorporate  a 28  ft  diameter  solid  flat  circular 
parachute  (C-91  or  the  26  ft  conical  parachute. 

Election  Ceats 

The  id6a  of  ejecting  crews  from  disabled  aircraft 
was  advanced  in  the  late  1920s.  Ejecting  aircraft 
crews  solves  several  escape  problems.  It  permits  crews 
to  leave  aircraft  that  fly  at  high  speeds  or  are  in  high 
deceleration  spinning  or  tumbling  motions.  It  protects 
the  crewmembers  during  exit  from  contact  with  the 
aircraft  and  provides  for  safe  escape  from  low  speed 
ground  level  emergencies.  The  first  operational  ejec- 
tion seat  was  introduced  near  the  end  of  World  War  II 
in  the  German  night  fighter.  He  219.  It  immediately 
exposed  some  general  ejection  seat  problems.  Ade- 
quate seat  trajectory  height  was  required  to  clear  the 
tail  of  the  aircraft.  Stabilization  of  the  seat  in  pitch 
and  yaw  was  necessary  immediately  after  ejection,  as 
well  as  proper  man-seat  separation;  fast  main  para- 
chute opening  at  low  speeds  and  low  altitudes  was 
essential.  A small  drogue  parachute  was  used  for  seat 
stabilization  and  mechanical  means  were  employed 
for  man-seat  separation  and  fast  deployment  of  the 
main  parachute. 

When  aircraft  speeds  increased  in  the  early  1950s, 
protection  of  the  seat  occupant  against  certain  conse- 
quences of  wind  blast  became  a problem  which  was 
one  of  the  reasons  for  development  of  encapsulated 
seat  and  crew  modules. 

SMS  Stabilization.  Unmodified  ejection  seats  are 
aerodynamically  unstable  in  pitch,  yaw  and  roll. 


Attempts  at  inherent  aerodynamic  seat  stabilization 
have  only  been  partially  successful  necessitating  aug- 
mentation with  drogue  parachutes.  The  drogue  para- 
chute should  be  of  sufficient  size  and  its  bridle  of 
proper  design  to  provide  stability  in  pitch  and  yaw. 
Properly  designed  drogue  parachutes  can  dampen  but 
can  not  eliminate  roll.  Operational  ejection  seats  have 
drogue  parachutes  ranging  in  drag  area  from  7 to  24 
sq-ft  with  9 to  1 8 sq-ft  being  the  average  drag  area. 
Drogue  parachutes  are  effective  for  seat  stabilization 
at  speeds  above  200  to  250  knots,  but  are  not  always 
sufficient  at  lower  speeds.  They  are  sometimes  aug- 
mented in  the  low  speed  range  by  such  stabilization 
systems  as  STAPAC  and  DART.  Stabilization  of  the 
occupied  seat  during  descent  from  high  altitude  re- 
quires a minimum  effective  drag  area  of  approximate- 
ly 10  sq-ft  for  stability  in  pitch  and  yaw.  A swivel 
may  be  required  to  prevent  parachute  induced  rota- 
tion of  the  seat  or  wrap-up  of  suspension  lines.  The 
opening  forces  should  not  exceed  human  tolerances 
and  the  drogue  should  open  as  rapidly  as  possible  in 
order  to  be  effective  as  soon  as  the  seat  clears  the  air 
craft.  Most  drogue  parachutes  are  either  drogue  gun 
or  mortar  deployed  to  facilitate  fast  and  positive 
deployment.  A small  extraction  parachute  for  drogue 
parachute  deployment  is  sometimes  used.  One  system 
uses  a small  rocket  to  directionally  deploy  the  drogue. 

Main  Parachutea.  All  U.S.  manufactured  seats, 
with  one  exception,  use  the  28  ft  diameter  C-9  per- 
sonnel parachute  assembly.  The  Martin-Baker,  Mark 
10,  seat  proposed  for  the  Navy  F-18. aircraft  uses  a 
British*  Aeroconical  parachute.57  Parachutes  used 
with  ejection  seats  should  provide  fast  inflation  at 
low  speed,  limit  the  opening  force  at  high  speeds  to 
avoid  parachute  damage  and  injury  to  the  occupant, 
support  high  speed  transfer  from  drogue  to  main 
parachute  and  provide  low  rate  of  descent  and  stabil- 
ity at  landing.  Pull  down  vent  lines  and  spreader  guns 
described  in  the  previous  section  are  used  by  Air 
Force  and  Navy  to  obtain  fast  parachute  inflation  in 
low  speed  ejections.  Main  parachute  opening  speeds 
are  limited  to  225  to  250  knots  for  the  altitude  range 
of  zero  to  15,000  ft.  An  "Advanced  Concept  Ejec- 
tion Seat",  ACES  II,  uses  a reefed  main  parachute 
which  increases  the  transfer  speed  by  approximately 
50  knots;  this  shortens  the  time  on  drogue  parachute. 
Descent  and  landing  is  handled  in  detail  in  the  pre- 
vious discussion  of  the  C-9  parachute. 

Deployment  of  the  ejection  seat  personnel  para- 
chute occurs  by  either  drogue  parachute  extraction. 
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pilot  chute  extraction,  independent  mortar  deploy- 
ment or  by  a lanyard-to-seat  system.  Deploying  the 
personnel  parachute  with  the  drogue  parachute  still 
attached  to  the  seat  and  jettisoning  the  drogue  para- 
chute as  soon  as  the  personnel  parachute  becomes 
force  bearing  (line  stretch)  is  a preferred  method 
since  it  maintains  seat  stability  during  the  drogue 
parachute  to  personnel  parachute  load  transfer.  Latest 
seat  designs  use  only  the  force  provided  by  the  open- 
ing personnel  parachute  to  extract  the  man  from  the 
seat. 

ACES  II  Parachute  System.  The  "ACES  II"  is  a 
typical  modern  ejection  seat  and  will  be  used  in  such 
advanced  USAF  aircraft  as  the  F-15,  F-16  fighters, 
the  A-10  support  aircraft  and  will  be  the  escape 
system  for  the  E l aircraft,  starting  at  aircraft  Serial 
No.  4. 

The  parachute  system  for  the  ACES  II  seat  con- 
sists of  a drogue  parachute  assembly  and  a reefed  28  ft 
C 9 paiachute  assembly  . 58,58  In  the  high  speed 
mode,  as  soon  as  the  upper  part  of  the  ejection  seat 
leaves  the  rails,  a 2.0  ft  diameter  Hemisflo  ribbon  ex- 
traction parachute,  drogue  gun  deployed  with  a 1.0  lb 
slug  is  launched  to.  in  tur.  extract  a 5.0  ft  diameter 
Hemisflo  drogue  parachute.  At  1.17  seconds  after 
ejection  initiation,  the  reefed  28  ft  C-9  parachute  is 
catapult  deployed  from  the  seat.  Approximately  fif- 
teen-hundredths of  a second  later,  when  the  28  ft 
parachute  becomes  force  bearing  (line  stretch),  the 
drogue  parachute  is  jettisoned.  The  occupant  is  dis- 
connected from  the  seat  at  0.1  seconds  after  drogue 
disconnect  and  pulled  away  from  the  teat  by  the 
inflating  main  parachute.  The  1.15  seconds  reefing 
delay  is  actuated  at  main  parachute  ejection  (not  at 
parachute  line  stretch).  As  a consequence,  at  low 
speed  deployment,  full  reefed  inflation  is  obtained  at 
approximately  the  time  of  disreefing,  thus  causing  no 
delay  in  main  parachute  inflation.  Deploying  the 
parachute  at  its  maximum  speed  of  250  ± 25  knots 
causes  a 0.6  second  reefed  opening  delay  of  the  fast 
inflating  parachute  and  a resultant  decrease  in  maxi- 
mum parachute  force.  In  case  of  catapult  malfunc- 
tion, the  main  parachute  is  deployed  by  the  pilot 
chute  released  at  seat-man  separation  with  the  reefing 
cutters  Initiated  in  the  conventional  way,  with  lan- 
yards attached  to  the  suspension  lines. 

Operation  of  the  ACES  II  seat  is  controlled  by  a 
three-mode  sensing  and  control  system,  (see  Figure 
1.14  . In  Mode  1,  the  low  speed  operation,  covering 
the  range  below  250  knots  and  altitudes  below 
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Figure  1.  14  Aces  fl  Operation  Mode  Zones 


15,000  feet,  the  drogue  parachute  is  by-passed  and 
the  main  parachute  is  deployed  0.2  seconds  after  seat 
ejection  (see  Figure  1.15  ).  Man-seat  separation 
occurs  at  0.25  second  thereafter  with  full  main  para- 
chute inflation  occuring  in  approximately  1.8  seconds. 
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Figure  1. 16  Aces  // , Mode  2 Operation 


by  the  drogue  parachute  for  bailouts  above  15,000 
feet  is  used  in  many  modern  ejection  seat  systems, 
and  was  used  on  the  Gemini  spacecraft  backup  ejec- 
tion seat. 

The  ACES  II  three-mode  operation  is  controlled 
by  two  pressure  sensors  attached  to  the  seat  and 
coupled  to  an  electronic  sequencer.  The  ACES  II  seat 
also  uses  electrical  signals  for  sequence  control  in- 
stead of  the  conventional  mechanical-explosive  com- 
ponent signal  transmission.  This  has  a distinct  advan- 
tage with  regard  to  redundancy,  check-out,  weight 
and  volume,  and  performance  variations  due  to  temp- 
erature variations;  however,  it  needs  its  own  power 
supply. 


Other  modern  ejection  seats  besides  the  ACES  II 
seat  include  the  Stencel  Sill-series  seats,60  the  Lock- 
heed seat  used  in  the  SR-71  aircraft61  and  the  Bri- 
tish Martin-Baker  Mark  19  seat. 

Tractor  Rocket  Escape  System 

The  tractor  Rocket  Escape  System  (Yankee  Sys- 
tem)62 uses  an  upward  fired  rocket  to  pull  the  pilot 
or  crewmember  out  of  the  seat  and  away  from  the 
aircraft.  Figure  1.17  shows  this  concept.  The  (Pri- 
mary components  of  the  system  are  *ttte  seat,  the 
parachute  backpack  assembly,  the  tractor  rocket  sys- 
tem and  the  control  and  monitoring  system.  The  air- 
craft seat  upon  ejection  command  moves  upward  in 
the  aircraft  to  a point  where  it  assures  proper  exit  of 
the  se3t  occupant  from  the  aircraft.  The  drogue  chute 
and  main  parachute,  a head  rest,  the  inertia  reel, 
pilot  restraint  system  and  the  survival  kit  form  a unit 
attached  bv  means  of  a back  board  to  the  pilot.  Tne 
tractor  rocket  is  attached  to  the  pilot  with  a connect- 
ing towline.  Upon  ejection  command,  the  pilot  is 
restrained  in  the  backpack  by  the  inertial  reel  harness, 
the  aircraft  canopy  is  removed,  the  tractor  rocket  and 
the  seat  catapult  are  fired.  The  extraction  force  grad- 
ually increases  to  the  equivalent  of  12  g's  and  pulls 
the  man  from  the  aircraft  and  out  of  the  upward 
moving  seat  which  remains  in  the  aircraft.  At  low 
speed,  a pilot  chute  immediately  deploys  the  main 
parachute.  At  higher  speed,  a time  and  barostatic 
control  unit  delays  the  pile;  chute  deployment  of  the 
main  parachute  until  the  speed  has  decayed  to 
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Figure  1. 1 7 Treetor  Rocket  Eacape  System  Operation 
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Figure  1.17  Tractor  Rocket  Escape  System  Operation  (Continued ) 


approximately  260  KEAS.  This  system  was  used  suc- 
cessfully in  the  U.S.  Navy  A-1  aircraft  series63  and  is 
still  used  in  the  T-28  trainer  and  liaison  aircraft  with 
the  extraction  speed  limited  to  about  300  knots. 

Encapsulated  Seats  and  Aircraft  Crew  Modules 

Studies  of  encapsulated  seats  , and  crew  modules 
began  in  the  early  1950's  arid  were  implemented  in 
the  three  encapsulated  seats  of  the  B-58  and  the  four 
encapsulated  seats  of  the  B-70  aircraft  in  the  early 
1960's.  A three  man  crew  module  for  the  F-J1 1 air- 
craft became  operational  in  the  mid-sixties  and  the 
4/6  man  crew  module  for  the  B-1  aircraft  was  quali- 
fied in  the  mid-seventies.  Encapsulated  seats  and 
crew  modules  have  been  developed  for  bomber  air- 
craft only  and  offer  the  following  advantages 

Flying  in  a shirt  sleeve  environment  without  pres- 
sure suits,  personnel  parachute  and  survival  gear 
attached  to  the  occupant. 


Ejection  at  high  dynamic  pressures  without  fear  of 
blast  injuries. 

The  disadvantages  of  encapsulated  seats  and  crew 
modules  are: 

Weight  of  the  unit  per  crew  member 
Complexity  of  the  installation 

Extensive  maintenance  and  overhaul  requirements 
especially  for  crew  modules. 

The  parachute  recovery  systems  used  on  proven  en- 
capsulated seats  and  crew  modules  are  a mixture  of 
aircraft  ejection  scat  systems  and  spacecraft  recovery 
systems. 

Table  1.6  gives  a summary  of  the  four  qualified 
encapsulated  seats  and  crew  modules  and  compares 
them  with  a typical  high  performance  ejection  seat. 
Reference  64  provides  a summary  of  the  B-58.  B-70 
and  F-1 1 1 escape  systems. 
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Figure  1.  IB  Encapsulated  Seat  Pre-Ejection  Sequence 
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B-58  Encapsulated  Seat.  The  B-58  aircraft  was 
originally  equipped  with  three  ejection  seats  (pilot 
and  two  crew  members).  Encapsulated  ejection  seats 
were  investigated  as  a possible  solution  for  improving 
pilot  comfort  during  long  duration  flights.  When  the 
encapsulated  seat  development  proved  successful,  all 
operational  B-58  aircraft  were  re-equipped  with  them 

during  19C2/64.  Figure  1 .18  shows  the  seat  in  various 
stages  of  encapsulation  The  B-58  capsule  functions 
similar  to  an  open  ejection  seat  during  normal  flight, 
except  that  a pressure  suit,  parachute  and  survival 
.gear  is  not  worn  by  the  occupant.  If  pressurization  is 
lost,  the  crewmember  pulls  a handle  on  either  side  of 
the  seat  initiating  encapsulation  and  pressurization. 
Escape  is  initiated  by  a trigger  under  either  side  han- 
dle. The  following  sequence  of  events  then  occur'  (1 ) 
the  seat  occupant's  legs,  hips  and  shoulders  are  re- 
tracted; (2)  the  three  clam  shell  doors  are  closed  and 
pressurization  activated;  (3)  the  aircraft  canopy  is  jet- 
tisoned followed  in  0.3  seconds  by  rocket  catapult 
ejection  of  the  seat/man;  (4)  as  the  encapsulated  seat 
leaves  the  aircraft,  a 3.4§  ft  diameter  Hemisflo  ribbon 
stabilization  parachute  is  deployed  followed  by  pro- 
pellant actuated  extension  of  the  stabilization  frome 
with  attached  fins,  initiation  of  the  oxygen  system 
and  election  of  chaff;  (5)  after  any  required  delay 
(due  to  speed/altitude  conditions  at  time  of  ejection), 
a reefed  41  ft  diameter  Ringsail  main  parachute  is  de- 
ployed; (6)  five  seconds  later  the  main  parachute 
Interim  attachment  point  is  disconnected  and  the 
capsule  repositions  to  the  landing  attitude  and  the 
stabilization  frame  is  retracted  and  two  cylindrical 
impact  shock  absorbers  deployed;  (7)  shortly  there- 
after. the  flotation  booms  extend  and  all  remaining 
live  pyrotechnics  are  fired;  (8)  upon  land  impact, 
the  flower  pot  deformation  of  the  extended  cylindri- 
cal shock  absorbers  and  shearing  action  of  the  fins 
cutting  into  seat  flanges  limit  the  impact  shock  to 
human  tolerance  levels;  the  extended  flotation  booms 
serving  as  anti-roll  devices;  (9)  after  landing,  the  main 
parachute  is  manually  released;  if  water  impact, 
release  of  the  main  parachute  also  activates  inflation 
of  four  flotation  bags. 

B-70  Encapsulated  Seat.  The  B-70  aircraft  had 
four  crewmembers  equipped  with  four  ejectable  en- 
capsulated seats.  The  sequence  of  ejection  is  very 
similar  to  the  B-58  encapsulated  seat.  Two  (2)  nine  ft 
long  stabilization  booms  extend  immediately  after 
seat  ejection  and  separation  from  the  aircraft.  Two 
each  2.13  ft  diameter  Hemisflo  ribbon  stabilization 


parachutes  are  stored  in  the  tip  of  the  booms  and 
deployed  0.5  seconds  after  boom  extension;  they 
assist  the  booms  in  pr’ov:ding  stability  while  descend- 
ing from  high  altitude  and  during  low  speed  ejections. 
The  main  descent  parachute  is  a 34.5  ft  diameter 
ten-percent  extended  skirt  parachute.  At  altitudes 
below  15,000  feet,  deployment  of  the  main  descent 
parachute  is  initiated  two  seconds  after  crewmember 
ejection  or  as  soon  as  the  encapsulated  seat  speed 
decreases  to  400  KEAS.  At  this  point,  the  cover  of 
the  parachute  compartment  is  ejected  and  a pilot 
chute  deployed  from  a bag  attached  to  the  cover. 
The  pilot  chute  extracts  and  deploys  the  main  para- 
chute which  is  reefed  for  two  (2)  seconds  to  a reefing 
ratio  of  4.8  percent.  Two  seconds  after  main  para- 
chute deployment,  an  air  bag  is  pressure  inflated 
with  stored  nitrogen  and  serves  as  ground  impact 
attenuator. 

The  B-70  seat  capsules  were  part  of  the  original 
concept  and  therefore  more  comfortable  and  more 
organically  integrated  into  the  aircraft  as  compared  to 
the  B-58  encapsulated  seat  which  replaced  existing 
ejection  seats.  Multiple  seat-capsules  similar  to  mul- 
tipul ejection  seats  create  the  problem  of:  (1)  whc 
initiates  ejection  of  individual  or  of  all  encapsulatec 
seats;  (2)  what  time-staggered  sequencing  and  wha 
ejection  direction  is  employed  to  avoid  capsule  colli 
sion;  (3)  how  is  separation  maintained  when  ejectini 
from  out-of-control  flight  conditions?  These  anc 
other  questions  led  to  the  development  of  aircraf 
crew  escape  modules  which  eject  the  entire  crew  ii 
one  capsule. 

F-1 1 1 Crew  Module.  The  F-1 1 1 is  the  first  operz 
tional  aircraft  to  use  a module  for  crew  escape.  Th 
crew  module,  as  shown  in  Figure  1.19  forms  an  intt 
gral  part  of  the  forward  aircraft  fuselage  and  encon 
passes  the  pressurized  cabin  and  part  of  the  wing-fus 
lage  portion  called  the  "glove".  The  two-men  ere' 
module  is  fully  self-contained  and  independent  of  ai 
craft  electrical,  hydraulic  add  pneumatic  systems. 

In  case  of  emergency,  the  crew  module  is  pressu 
ized,  its  emergency  oxygen  system  is  activated  and 
is  severed  (cut)  from  the  aircraft  by  Flexible  Line 
Shaped  Charges  (FLSC)  placed  in  a groove  under  tl 
aircraft  skin  around  the  crew  module.  The  FLSC  a 
fired  by  Shielded  Mild  Detonating  Cord  (SMDC).  T 
same  method  is  used  for  cutting  control,  tubing  ai 
wire  connections  to  the  aircraft  and  for  the  severan 
of  covers  for  the  parachute,  airbag  and  flotation  t 
compartments.  It  is  obvious  from  Figure  1.19  tha 
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Figure  1.19  Fill  Crew  Module  Configuration 


crew  module  provides  more  space  than  an  encapsulat- 
ed seat  for  crew  comfort  and  for  the  storage  of  flight 
gear,  impact  attenuation,  flotation,  location  and  land 
and  water  survival  equipment.  References  65  and 
66  give  a good  description  of , the  total  crew  escape 
module  and  its  subsystems. 

Figure  1.20  shows  the  escape  sequence.  At  time 
zero,  the  crew  is  restrained  in  t heir  seats,  the  module 
is  pressurized  and  emergency  o>ygen  is  provided.  This 
status  can  be  maintained  and  reversed  without  ejec- 
tion if  required.  At  0 + 0.5  secpnds,  the  crew  module 
is  cut  free  from  the  aircraft  ind  a dual-mode  solid 
propellant  rocket  motor  is  ign  ted.  At  speeds  below 
300  KEAS,  a high  thrust  level  is  used.  Above  300 
knots,  a second  nozzle  is  opened  on  the  upper  part  of 
the  rocket  motor;  this  reduces  thrust,  keeps  decelera- 
tion forces  down  and  in  connection  with  module  lift, 
provides  sufficient  a'titude  for  proper  main  parachute 
inflation.  At  0 + 0.67  seconds  the  stabilization  para- 
chute is  catapult  ejected.  A reefed  70  ft  diameter 
Ringsail  main  parachute  is  subsequently  deployed  in 
a three-mode  sequence,  contr ailed'  by  dynamic  pres- 
sure (q)  and  deceleration  (g>  sinsors.  At  speeds  below 
300  KEAS  and  altitudes  beloiiv  15,000  feet,  the  main 
parachute  is  catapult  ejected  a ; 0 + 1 .75  seconds  from 


the  upper  part  of  the  module  glove.  Between  300 
and  450  KEAS.  the  main  parachute  is  deployed  at 
0 + 2.75  seconds  and  above  450  knots,  parachute 
deployment  is  delayed  by  a q-sensor  for  0 + 5 seconds 
or  by  a g-sensor  until  the  module  deceleration  has 
decayed  below  2.2  g's.  Ground  impact  attentuation 
bags  inflate  3.5  seconds  after  main  parachute  deploy- 
ment and  4.9  seconds  thereafter,  the  module  reposi- 
tions into  the  landing  attitude.  Water  flotation  and 
uprighting  bags  are  manually  deployed. 


B-1  Crew  Escape  Module.  The  B-1  aircraft  in  its 
original  version  used  a crew  module  for  emergency 
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escape.”'  the  B-1  crew  module  is  quite  similar  in 


its  escape  envelope,  aircraft  installation  and  severance 
system  to  the  F-111  installation.  The  crew  module 
has  a separation  weight  of  approximately  9000 
pounds  and  uses  a short  stablization  glove,  extendable 
fins  and  spoilers  for  pitch  and  yaw  stabilization;  this 
is  augmented  by  a swivelling  Vernier  rocket  motor 
slaved  to  a horizontal/vertical  reference  system  and  a 
stabilization  parachute.  Figure  1.21  shows  the  crew 
module  with  fins,  spoilers,  rockets  and  parachute 
recovery  system  installation  in  the  rear  glove  com- 
partment. 
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Time  - Seconds 

Figure  1.20  F-1 11  Crew  Module  Low  Speed  Ejection  Sequence 


In  case  of  emergency,  the  crew  module  is  pressuriz- 
ed. emergency  oxygen  is  supplied  and  is  severed  from 
the  aircraft  and  rocket  ejected.  At  crew  module  sep- 
aration, the  fixed  ejection  rocket  and  the  Vernier 
rocket  are  ignited  and  fins  and  spoilers  are  extended. 
At  0 + 0.15  seconds  after  separation,  the  reefed  14.2 
ft  diameter  ribbon  stabilization  parachute  is  mortar 
deployed  from  the  rear  of  the  glove  compartment,  in- 
flates and  disreets  1.75  seconds  after  line  sVetch. 
Three  each  reefed  69.8  ft  diameter  Ringsail  para- 
chutes are  used  for  final  recovery.158  A four  (4) 
mode  concept  as  shown  in  Table  1.7  is  used  for 
controlling  the  deployment  of  the  main  parachute 
cluster.  The  parachute  deployment  signal  disconnects 
the  stabilization  parachute  and  0.3  seconds  later 
simultaneously  ejects  two  (2)  pilot  parachutes  which 
in  turn  extract  the  three  Ringsail  main  parachutes 
which  disreef  2 5 seconds  after  line  ' retch.  Five  and 
a half  seconds  later,  ’he  crew  module  repositions  into 


the  landing  attitude  and  the  gas  inflated  ground  im- 
pact attenuation  airbags  deploy. 


Stabilizing  Fin  - 


Parachute  Recovery 
System 


Rocket  Motors 


Figure  1.21  Aircraft  Crew  Module 
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TABLE  1.7  B-1  CREW  MODULE,  MAIN  PARACHUTE  DEPLOYMENT  SEQUENCE 


ALTITUDE,  FT 

AIRSPEED,  KEAS 

PILOT  MORTAR  INITIATION 

> 15,500  + 500 

All 

Inhibited  by  aneroid 

< 15,500  ± 500 

> 300  ± 15 

3.0  ± 0.32  sec  3fter  initia- 
tion of  ejection 

< 15,500  ± 500 

> 195  ± 15  to  300  ± 15 

2.25  ± 0.25  sec  after 
initiation  of  ejection 

< 15,500  ± 500 

< 195  ± 15  ■ 

0.40  sec  after  initiation 
of  ejection 

• Will  not  occur  unless  longitudinal  G is  less  than  3.0  ± 0.1. 


AIRDROP  OF  MATERIAL  AND  PERSONNEL 

This  section  discusses  parachute  systems  used  for 
Itiad  extraction  from  the  aircraft,  for  toad  decelera- 
tion and  descent  prior  to  ground  contact  or  for  stabi- 
lization in  high  altitude  drops.  In  each  case,  the  para- 
chute system  forms  an  integral  part  of  the  airdrop 
system.  This  section  includes  also  a short  discussion 
of  aircraft  used  for  airdrop  operations,  and  of  the  var- 
ious airdrop  methods.  It  defines  consideration  and 
requirements  for  the  design  of  airdrop  parachute  sys- 
tems and  describes  the  parachute  systems  and  related 
equipment  presently  in  use. 

Airdrop  of  personnel,  primarily  paratroopers,  re- 
quires highly  reliable  equipment  for  transporting  the 
paratrooper/jumper  from  the  aircraft  to  the  ground; 
the  personnel  parachute  systems  used  are  discussed 
at  the  end  of  this  section. 

Airdrop  Aircraft 

Table  1.8  lists  perform  a,  ice  data  of  winged  and 
rotary  wing  aircraft  used  for  airdrop  operations.  The 
C-1 19  aircraft  has  been  removed  from  the  U.S.  Armed 
Services  inventory  but  is  still  in  service  with  foreign 
nations.  The  monorail  automatic  container  delivery 
system  is  not  used  anymore  in  modern  cargo  aircraft. 
The  airdrop  system  in  the  table  refers  to  the  various 
types  of  airdrop  methods  discussod  subsequently  in 
this  chapter.  The  C-130  cargo  aircraft,  "the  airdrop 
work  horse",  is  presently  rated  for  loads  of  35,000  lb 


airdrop  weight.  The  C-130  is  being  used  for  all  airdrop 
systems  from  LAPES  to  high  altitude  container  drops 
69  -72  yhe  c.i4i  handles  all  airdrops  with  the  ex- 
ception of  LAPES  73,74  . The  C-5  has  ' been  quali- 
fied fer  airdrop  of  military  equipment  but  is  presently 
not  approved  for  this  type  of  operation  75 ,76  . The 
DeHavilland  CV-7A,  in  service  with  the  Air,  Force 
Reserve,  is  being  used  for  airdrop  of  personnel  and 
material. 

The  Air  Force  has' tested  the  standard,  personnel, 
CDS  and  LAPES  airdrop  capability  of  both  the  YC-14 
and  YC-15  STOL  aircraft.  Helicopters  are  used  by  the 
Army  and  the  Marine  Cofos  for  airdrop  of  personnel 
and  containers.  Table  1 .9  gives  weight  ranges,  para- 
chutes used,  aircraft  speeds  and  minimum  drop  alti- 
tudes for  CH-4,6  and  CH-53  container  aircrops558. 

Each  material  airdrop  mission  involves  loading  and 
restraining  the  load  and  parachute  system  in  the  air- 
craft. Vehicles  and  large  equipment  are  placed  and 
secured  on  platforms  which  are  loaded  in  the  aircraft 
using  the  automatic  dual  rail  restraint  system.  The 
platforms  are  extracted  by  means  of  the  parachute 
extraction  system  from  the  aircraft  cargo  compart- 
ment. 

The  skate  wheel  conveyors  and  side  buffer  boards 
used  in  the  C-1 19  in  connection  with  extraction  para- 
chute actuated  shear  webs  have  been  replaced  in  the 
C-130  and  C-141  with  a semi-automatic  dual  rail  sys- 
tern  • . This  dual  rail  system  is  used  with  the  Type 
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TABLE  1.8  AIRCRAFT  USED  FOR  AIRDROP 


AIRCRAFT 

MAXIMUM 
COMPART- 
MENT 
SIZE,  IN. 
L/W/H 

UNIT 

AIRDROP  AIRDROP 
CAPACITY  CAPACITY 
LB  LB 

AIRDROP 

SPEED 

KEAS 

AIRCRAFT  AIRDROP 
INSTALLATION  SYSTEM 

PARA- 

TROOPERS 

C-1 19,  Fairchild 

371/105/86 

24,000 

14,000 

110-130 

Monorail  Con- 
veyor/Board 

Containers 

Platform, 

Standard 

48 

C-130,  Lockheed 

492/120/109 

35,000 

35,000 

130 

Dual  Rail, 
Auto.  Restraint 

LAPCS, 
CDS,  Stan- 
dard, Hl- 
ALT,  Spec. 

64 

1 

C-141,  Lockheed 

840/123/109 

70,000 

3 5.000 

150 

Dual  Rail, 
Auto.  Restraint 

CDS,  Stan- 
dard. Hl- 
ALT,  Spec. 

120 

C-5,  Lockheed 

1450/228/162 

220,000 

40,000 

150±10 

Not  Approved 
for  Material 
Airdrop 

75 

CV-7A,  OeHavilland  373/92/78 

12,000 

12,000 

100-120 

Dual  Rail 

Standard 

Airdrop 

25 

CH-53,  Sikorski 

360/96/77 

20,000 

20,000 

50-120 

Container 

Handling 

Gravity 

CH-47,  Boeing 

366/90/78 

16,000 

12,000 

50-120 

Container 

Gravity 

/ 
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TABLE  1.9  CONTAINER  SUMMARY  FOR  HELICOPTER  AIRDROP 


CONTAINER  CARGO  PARACHUTE  PILOT  DROP  DROP 

WEIGHT  TYPE  TYPE  CHUTE  SPEED  ALTITUDE 

LB  SIZE  KNOTS  FEET 


300  - 500  A- 7 A Cargo  G-13or 

Sling  G-14 

800  -1000  " A-22  Cargo  2 X G-13 

, Bag  2 X G-14 

1 000  - 2000  A-22  Cargo  G- 1 20 

. Bag 


11  Standard  Army  modular  platform  and  the  Air 
Force  Type  A/E  23H-1  extended  aluminum  LAPES 
platform  (w/o  skids  for  C-141  use).  In  the  C-130  the 
left  hand  restraining  rail  contains  detent  notches 
which  engage  correspdnding  indents  in  the  platforms 
for  fore  and  aft  restraint  in  accordance  with  MIL-A- 
8421  tiedown  requirements  of  3 g's  forward,  3 g’s  aft, 
2 g's  up  add  1 .5  g's  lateral.  This  refers  to  the  restaint 
between  platform  and  aircraft  as  well  as  platform, 
loads  and  parachute  systems.  For  LAPES  drops  the 
restraint  of  the  load  :o  the  platform  is  increased  to 

12  g's  forward  and  6 g's  in  the  other  directions. 

In  adverse  weather  the  aircraft  pilot  reaches  the 
computed  air  release  point  (CARP)  for  airdropping 
the  load  by  use  of  the  Advanced  Weather  Aerial  De- 
livery System  (AWADS).  This  is  a combined  aircraft 
.navigation  radar  and  computer  system  installed  on 
some  C-130E  aircraft  and  used  as  "pathfinders".  It 
senses  aircraft  heading  and  course,  determines  the 
magnitude  and  direction  of  winds  effecting  the  air- 
craft course  and  provides  automatic  updating  and 
correction  for  CARP.  It  also  handles  interformation 
positioning  and  station  keeping  tasks77  . 

Upon  reaching  the  CARP,  the  pilot  commands  air- 
drop by  initiating  the  pendulum  extraction  system 
78  . The  extraction  parachute,  stored  in  a deploy- 
ment bag  attached  to  the  pendulum  release,  falls  free 
and  by  means  of  the  pendulum  line,  swings  in  an  arc 
to  the  rear  of  aircraft  for  good  parachute  deployment 
in  the  wake  of  the  aircraft  A 60  foot  (C-130)  cr  120 
foot  (C-141)  long  extraction  line  connects  the  extrac- 
tion parachute  to  the  platform.  Prior  to  deployment 
of  the  extraction  parachute,  the  manual  detents  of 
the  left  hand  dual  rail  have  been  removed  and  the  plat- 
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80- 

•120 

500 

68" 

80- 

120 

600 

form  is  restrained  in  the  aircraft  only  by  the  spring 
loaded  detents  of  the  opposite  rail.  As  soon  as  the 
force  of  .the  extraction  parachute  reaches  the -preset 
force  level  of  the  detents,  the  platform  is  released  and 
extracted.  After  the  platform  leaves  the  aircraft,  the 
extraction  parachute  is  disconnected  from  the  plat- 
form by  either  extraction  force  transfer  coupling  or 
static  line/cutter  systems  and  deploys  the  main  para- 
chute for  standard  airdrop.  A similar  LAPES  extrac- 
tion process  is  described  in  the  next  section.  The 
parachute  extrar  ,ion  force  which  varies  with  platform 
weight,  ranges  from  0.7  to  3.0  g's.  The  higher  values 
are  used  for  LAPES  extraction.  In  sequential  plat- 
form drops  the  extraction  parachute  for  the  follow-on 
platform  is  stored  on  the  preceding  platform  and  de- 
ployed upon  separation  of  the  platform  from  the  air- 
craft. 

Considerable  details  on  the  aircraft  used  for  air- 
drop,, installations  and  equipment  used  can  be  found 
in  Reference  79. 

Airdrop  of  Material 

In  WW  II  men  and  material  were  airdropped  from 
altitudes  of  1000  to  2000  feet  at  aircraft  velocities  of 
80  to  100  knots.  This  rhethod  had  to  be  drastically 
modi  lied  in  the  post-war  years  for  the  following 
reasons,  (a)  enemy  counter  action,  as  experienced  in 
South  East  Asia,  made  it  desirable  for  aircraft  to  ap- 
proach below  radar  detection  altitude  or  above  AAA 
(Anti-Aircraft  Artillery)  effective  range,  (b)  minimum 
speed  of  today's  aircraft,  used  for  airdrop,  has  in-, 
creased  to  120  to  150  knots  and  (c)  the  weight  of  in- 
dividual items  to  be  dropped  has  grown  to  36,000  lbs 
and  is  approaching  50,000  lbs. 


These  requirements  have  resulted  in  supplementing 
the  standard  airdrop  method  (airdrops  from  altitudes 
of  500  to  1500  feet)  with  the  LAPES  (low  Altitude 
Parachute  Extraction  System  and  with  high  altitude 
airdrop  systems  now  under  development.  Stronger 
and  more  effective  parachute  systems’and  load  plat- 
forms were  developed  that  can  nandle  the  higher  drop 
speeds  and  heavier  weights. 

Medium  and  Low  Altitude  Airdrop.  The  important 
methods  for  airdropping  military  equipment  are: 

(1)  Standard  Airdrop  Method 

(2)  LAPES  (Low  Altitude  Parachute  Extraction 
System) 

(3)  CDS  (Container  Delivery  System! 

Standard  Airdrop  Method.  Figure  1.22  shows  the 
drop  sequence.  The  material  to  be  dropped  is  loaded 
on  airdrop  platforms  and  restrained  in  the  cargo  com- 
partment of  the  drop  aircraft  using  the  dual  rail  air- 
craft cargo  .landling  system.  Upon  the  pilots  com- 
mand the  extraction  parachute  is  pendulum  ejected, 
inflates,  and  pulls  the  platform  from  the  aircraft. 
After  platform  extraction  the  parachute  disconnects 


(extraction  force  transfer)  and  removes  the  main  pa 

chute  bag(s)  from  the  load,  the  main  parachutess; 

flate  and  lower  the  platform  to  the  ground  with  a ra 

of  descent  of  20  to  30  ft/sec  commensurate  with  t! 

allowable  impact  deceleration  of  the  cargo  C-  era! 

6 to  12  inches  of  paper  honeycomb  is  usee  e» 

load  and  platform  for  impact  attenuation,  b - 

platforms  may  be  extracted  sequentially  from 

C-130  and  the  C-141  aircraft  depending  on  the  weigl 

and  si?e  of  the  material  to  be  airdropped.  Pi 

loads  in  the  3000  to  36,000  pound  range,  use 

or  clusters  of  up  to  three  each  64  ft  diameter : 1 

or  eight  each  100  ft  diameter  (G-11)  parachutes  . ro 

altitudes  between  800  and  1500  feet  are  required  dt 

pending  on  platform  weight,  sire  and  number  of  para 

chutes  used.  This  drop  altitude  is  sometimes  undesir 

able  due  to  possibre  AAA  (Anti-Aircraft  Artillery)  fin 

and  airarop  accuracy.  However,  standard  airdrof 

method  is  well  developed  and  is  being  used  for  singli 

loads  up  to  35.000  pounds  80-82  . 

\ 

Container  Delivery  System  (CDS).  Methods  for  de- 
livery of  multiple  A-22  containers  have  been  develop- 
ed for  both  the  C-130  and  C-141  aircraft  83-84  . The 
goal  is  to  drop  as  many  containers  in  as  short  a deliv- 
ery distance  as  possible.  The  C-130  can  airdrop  up  to 
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Figure  1.22  Standard  Airdrop  Method 
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16  each,  2200  lb  A-22  containers  in  two  rows  from 
the  rear  of  the  aircraft  and  the  C-141  can  drop  up  to 
28  each,  2200  lb  A-22  containers  in  two  rows.  The 
containers  are  restrained  in  the  aircraft  with  tiedown 
chains.  Shortly  before  the  drop  the  aircraft  is  placed 
in  a slight  nose-up  attitude  (**  3 4°)  by  the  pilot, 

the  main  part  of  the  tiedown  system  is  then  removed 
leaving  only  nylon  straps  as  a rear  barrier.  At  the  drop 
point,  the  pilot  actuates  a switch  which  cuts  the  re- 
straint webbings  by  shear  knife  action.  This  allows 
the  two  most  rearward  containers  to  leave  the  aircraft 
by  gravity  drop  with  the  static  line  deployed  pilot 
parachute  for  each  container.  This  sequence  of  grav- 
ity drop,  static  line  deployed  pilot  chute  and  pilot 
chute  deployea  parachute  continues  until  all  contain- 
ers have  left  the  aircraft. 

Low  Altitude  Parachute  Extraction  Method 
(LAPES).  Figure  1.23  shows  the  LAPES  airdrop 
method.  The  C-130,  the  only  aircraft  currently  used 
for  LAPES,  approaches  below  radar  detection  alti- 
tude. On  approach  to  the  drop  zone,  the  pilot  deploys 
a 15  ft  diameter  ringslot  drogue  parachute  using  the 
pendulum  deployment  system.  The  drogue  chute  is 
attached  to  the.  aircraft  by  means  of  a tow  fitting 
using  a standard  60  ft  extraction  line.  Upon  reaching 
the  drop  zone  the  pilot  drops  to  approximately  5 feet 


above  ground  and  releases  the  drogue  parachute  which 
in  turn  deploys  a large  parachute  or  parachute  cluster 
that  extracts  the  platform  from  the  aft  end  of  the  air- 
craft cargo  compartment.  The  platform  drops  to  the 
ground,  stabilized  and  decelerated  by  the  large  extrac- 
tion parachute  and  ground  friction.  Up  to  three  (3) 
platforms  connected  by  flexible  couplings  can  be  ex- 
tracted by  this  method.  The  feme  of  the  extraction 
parachute  should  be  close  to  3 g's  related  to  the  plat- 
form weight(s)  at  the  beginning  of  the  extraction 
cycle.  The  parachute(s)  force  is  guided  through  the 
approximate  center  of  gravity  of  the  platform/load 
assembly  by  a combination  of  couplings  and  clevises. 
Depending  on  the  type  of  load  to  be  extracted,  the 
extraction  force  line  is  attached  to  the  platform  or 
the  load.  USAF  Technical  Order  T O.  1C  130-9  de- 
fines the  LAPES  C-130  aircraft  restraint  and  extrac- 
tion system.  Extraction  parachute  sizes  used  for 
LAPES  are  discussed  later  in  this  section. 

The  Air  Force  Type  A/E  29H-1  (METRIC)  plat- 
form was  developed  for  accommodating  the  higher 
vertical  impact  loads  frequently  encountered  in 
LAPES  drops  and  to  meet  the  requirement  for  attach- 
ing the  extraction  line  to  the  platform.  The  total  load 
dropped  from  the  C-130  with  three  coupled  platforms 
has  been  as  high  as  46,000  pounds. 
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Flgun  1.23  “LAPES"  Airdrop  Syitwn 
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The  advantages  of  the  LAPES  airdrop  method  are 
obvious:  the  aircraft  approaches  below  radar  detec- 
tion altitude,  the  exposure  to  AAA  fire  is  greatly  re- 
duced, the  delivery  is  very  accurate  and  sighting  of 
the  airdrop  event  by  hostile  forces  is  diminished.  Dis- 
advantages are  the  need  for  reasonably  level  terrain 
for  final  aircraft  approach  and  drop  platform  deceler- 
ation of  several  hundred  feet  after  drop,  the  pilot 
must  fly  tow  enough  (about  5 feet)  to  avoid  excessive 
vertical  impact  loads  and  the  restraint  of  the  loads  on 
the  platform  must  be  rugged  enough  to  withstand  the 
high  vertical  and  horizontal  deceleration  forces.  Ref- 
erences 85  through  88  describe  the  development, 
testing  and  qualification  of  LAPES. 

High  Speed,  Low  Altitude  Fighter  Container  Drop: 
A finned  aluminum  cargo  container  (CTV2A,  former- 
ly M4A)  has  been  developed  for  under-wing  carriage 
by  fighter  aircraft  at  speeds  up  to  550  knots89  . The 
container  can  be  dropped  at  speeds  up  to  400  knots 
from  altitudes  of  300  to  500  feet.  A 34-ft  diameter 
reefed  ririgslot  parachute  decelerates  the  container 
prior  to  impact.  A crushable  nose  section  is  sued  for 
impact  attenuation.  The  container  can  accommodate 
loads  up  to  500  pounds. 

High  Speed.  Low  Altitude  C-130  Container  Drop: 
This  method,  also  referred  to  as  High  Speed.  Low 
Level  Airdrop  System  (HSLLADS)  delivers  A-21  con- 
tainers at  a minimum  altitude  of  250  feet  and  maxi- 
mum' speeds  of  250  knots  with  the  C-130  Combat 
Talon  aircraft  9*,<91  . The  containers  are  stored  at 
the  rear  of  the  C-130  cargo  compartment  and  ejected 
from  the  ramp  of  a Combat  Talon  aircraft  by  the  sling 
ejection  delivery  system  (SEDS).  A static  line  attach- 
ed to  the  aircraft  deploys  a 22  or  28  foot  diameter 
cargo  extraction  parachute  which  is  used  as  the  main 
recovery  parachute.  The  sling  shot  ejection  delivery 
system  can  deploy  four  500  lb  modified  A-21  con- 
tainers. Additional  impact  shock  absorbing  material 
is  required  for  most  of  these  drops. 

Information  on  other  delivery  methods  and  British 
activities  in  this  area  can  be  found  in  Reference  576", 
577,  580  and  581. 

High  Altitude  Airdrop  Methods.  High  altitude  air- 
drop methods  have  been  developed  to  escape  the  AAA 
and  Anti-Aircraft  missile  firings  92'9®  . This  requires 
drops  from  10.000  feet  or  more  above  ground  level. 
The  U S.  Army  is  investigating  two  high  altitude  air-, 
drop  systems:  the  High  Altitude  Airdrop  Resupply 


System  (HAARS),  formerly  designated  the  High  Level 
Container  Airdrop  System(HLCADS)  and  the  Ultra 
High  Level  Container  Airdrop  System  (UHL.CADS). 

High  Altitude  Airdrop  Resupply  System  (HAARS). 

The  U.S.  Army  is  in  the  process  of  developing  this  air- 
drop system  which  airdrops  A-22  containers  from  al- 
titudes of  10,000  feet  and  above:  The  containers  are 
equipped  with  a two-parachute  system.  A standard 
68  inch  pilot  chute  is  static  line  deployed  after  con- 
tainer gravity  drop  from  the  rear  of  the  C-130  aircraft. 
The  pilot  chute  is  attached  to  the  container  with  a 
V-sling  and  stabilizes  a 2200  lb,  A-22  container  at  a 
rate  of  descent  of  250  ft/sec.  At  an  altitude  of  800 
to  1000 feet  above  ground,  the  stabilization  parachute 
is  disconnected  by  a pyrotechnic  disconnect  actuated 
by  a barostatic  device.  The  disconnected  stabilization 
parachute  deploys  a 64  ft  diameter  G-12  main  para- 
chute attached  to  the  A-22  container  by  an  inner 
V-sling.  The  G-12  parachute  uses  a pull-down  vent 
line  (PDVL)  for  faster  opening.  This  concept  as 
shown  in  Figure  1.24  is  currently  used  for  the  A-22 
container. 


Figure  1,24  High  Altitude  Airdrop  Resupply  System 
(HAARS),  First  Stage  Configuration 
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Under  a 1S75  NARADCOM  program,  high  a'titude 
drop  tests  were  conducted  with  platforms  stabilized 
and  decelerated  by  a two-stage  parachute  system.  The 
same  parachute  was  used  for  extraction  and  stabiliza- 
tion. The  tests  covered  platforms  8 to  12  feet  long, 
weighing  2,700  to  15,100  lbs  which  resulted  in  the 
first  stage  stabilization  parachutes  or  rates  of  descent 
from  162  to  306  ft/sec.  The  platforms  were  hanging 
vertically  on  the  stabilization  parachutes  which  were 
separated  by  timed  disconnect  devices  and  deployed 
standard  main  parachutes.  The  feasibility  of  the 
sequencing  concept  was  demonstrated;  however,  plat- 
form pitch  stability  problems  were  encountered 
whenever  the  C.G.  of  the  platform  was  not  forward 
of  the  platform  50  percent  line. 

.Ultra-High  Level  Container  ' Airdrop  System 
(IJHLCADS).  The  U.S.  Army,  Natick  R & D Com 
mand,  is  investigating  a cargo  container  that  can  free- 
fall  from  high  altitude  in  stable  descent  and  be  re-' 
covered  by  parachute  shortly  before  ground  contact' 

QO 

w . The  container,  similar  in  size  to  the  proven  A-22 
cargo  container  uses  the  forward  compartment  for 
cargo  and  the  rear  of  the  100  inch  long  container  for 
stabilization.  The  latest  version  has  longitudinal  cut- 
outs in  the  rear  of  the  <~ontainer  which  serve  some- 
what as  stabilizing  fins.  The  containers  are  designed 
for  loads  from  1 200  to  2200  pounds. 

Barometric  altimeters  for  signalling  the  main  para- 
chute deployment  are  scheduled  for  use.  Tests  on  this 
system  are  still  in  progress. 


Airdrop  Parachu.t  Systomt.  Parachute  systems 
are  involved  in  the  following  phases  of  airdrop  opera- 
tions: 

(1)  rigging  and  installation  of  extraction  and  de- 
scent parachute  assemblies  in  the  aircraft  and 
on  the  drop  load, 

(2)  extraction  parachute  deployment,  disconnect 
of  the  airdrop  load  (platform)  from  the  air- 
craft restraint  system  and  extraction  of  the 
load  from  the  aircraft  cargo  compartment, 

(3)  deceleration,  stabilization  and  descent  of  the 
load  by  parachute, 

(4)  landing,  impact  attenuation  and  disconnect  of 
the  parachute  assemblies  from  the  load,  and 

(5)  retrieval  and  refurbishment  of  the  parachute 
assemblies  for  reuse. 


This  extensive  use  of  parachutes  in  aird'Qp  opera- 
tions establishes  the  following  considerations  and  re- 
quirements for  their  application: 

(1)  reliability  of  parachute  operation  and  system 
integration, 

(2)  safety  of  the  aircraft  during  rigging,  flight, 
, parachute  deployment  and  load  extraction 

phases, 

(3)  parachute  rate  of  descent  and  stability  com- 
. patable  with  system  requirements  and  no 

damage  or  acceptable  damage  at  landing, 

(4)  uniformity  and  repeatability  of  parachute  de- 
ployment and  opening,  and  suitability  tor 
cluster  operation, 

(5)  ease  and  simplicity  of  packing,  rigging  and 
maintenance  of  the  parachute  assembly,  and 
load  and  aircraft  installation,  and 

(6)  multiple  use  and  low  cost. 

Specialized  'equirements  may  include: 

( 1 ) fast  and  uniform  extraction  parachute  deploy- 
ment, inflation  and  load  extraction, 

(2)  safety  means  to  comply  with  load  hang-up  and 
parachute  failure  during  load  extraction  and 
incorporation  of  these  emergency  procedures 
into  aircraft  T O. 's, 

(3)  minimum  aircraft  C.G.  shift  during  extraction, 

(4)  good  parachute  force  transfer  into  the  load. 

(5)  parachute  opening  and  oscillation  damping 
during  descent, 

(6)  quick  parachute  disconnect  and  derigging 
from  load  after  landing,  and 

(7)  parachute  landing  with  the  equipment  drop- 
ped ready  for  operational  use. 


Main  Recovery  Parachutes.  Operational  experience 
has  defined  certain  parachute  system  design  restraints. 
The  size  and  weight  of  the  present  100  ft  D0  G-11 
parachute  assembly,  weighing  about  250  lb,  may  be 
the  upper  practical  limit  for  handling,  packing  and 
loading  prior  to  drop  and  retrieval  after  drop.  Mater- 
ials used  must  be  of  sufficient  strength  to  withstand 
rouqh  handling  in  maintenance,  landing  and  ground 
retrieval, 

Airdrop  parachutes  in  use  today  are  tailored  to  the 
specific  types  of  containers  and  platforms  used: 
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Container, 

Platform 


Weight  Range 


Parachute(s) 

Used 


A-7A,  A-21  200  to  5001b  Single  G-13, 

G-14 

A-22  500  to  2200  lb  Single  G-12 

500  to  1000  (2  Chutes)  Clustered, G-14 
1000  to  1500  (3  Chutes)  Clustered, G-13 

Platform  2500  to  35,000  lbs  Single  & Clus- 
tered G- 11 


The  32  ft  D0,  G-13,  the  64  ft  D0,  G-12  and  the 
100  ft  Dq,  G-1 1 parachutes  were  developed  in  the  late 
1940's  and  early  1950's.  All  attempts  to  replace  these 
"old"  parachutes  with  "better"  parachutes  have  failed 
so  far  with  the  exception  of  the  34  ft  D0,  G-14  para- 
chute which  was  developed  in  the  mid-1960'sasa  re- 
placement for  the  G-13.  Looking  at  performance  and 
cost  effectiveness,  a "new"  parachute  must  be  either 
lower  in  cost  for  the  same  performance  or  better  in 
performance  for  the  same  cost.  Cost  has  proven  to  be 
the  over-riding  factor  for  airdrop  parachutes.  Para- 
chute material  accounts  for  60  to  80  percent  of  acqui- 
sition cost.  Extensive  investigations  to  develop  lov.ci 
cost  materials  than  *hose  presently  used  have  net  been 
successful,  nor  have  at  empts  to  develop  one-time-use 
expendable  parachutes. 

Rates  of  descent  in  the  20  to  30  ft/sec  range  are 
used  for  most  airdrop  equipment.  All  sensitive  con- 
tainer and  platforrh  loads  use  paper  honeycomb  for 
impact  attenuation. 

Single  parachutes  used  for  airdrop  should  oscillate 
not  more  than  approximately  10  to  15  degrees.  Para- 
chute clusters,  used  for  airdrop  cargo  weighing  in 
excess  of  3000  lb.  have  less  than  10  degrees  of  oscilla- 


Table  1.10  lists  commonly  used  airdrop  para- 
chutes. The  G-13  has  been  used  extensively  in  unreef- 
ed condition  for  recovery  of  A-1.A-7A  containers  and 
cargo  bundles  up  to  500  lb  in  weight  9®'130. 

The  G-14  parachute  developed  by  the  U S.  Army 
Natick  R & D Command  is  of  biconical  design  with  a 
single  slot. 

The  G-12  parachute  is  used  single  and  in  clusters 
and  due  to  its  heavy  material  is  well  suited  for  handl- 
ing and  multiple  use101,102 .Tests  have  been  conduct- 
ed97 to  use  the  parachute  with  a pull  down  vent  line 
(P0VL)  of  51  ft  length  for  decreasing  the  canopy  fill- 
ing time  and  thereby,  the  drop  altitude,  however,  no 
P0VL  version  has  been  standardized  so  far. 


The  100  ft  nominal  diameter  G-1 1 parachute  was 
developed  in  the  mid-1940’s  primarily  for  platform 
airdrops. 

Reefing  was  added  to  the  G-1 1 parachute  in  an 
early  development  stage  to  permit  use  of  the  para- 
chute in  cluster  application.  Use  of  a 20  foot  long 
reefing  line  and  a 2-second  reefing  cutter  stopped 
parachute  growth  in  an  early  stage  of  inflation  and 
permitted  all  parachutes  to  reach  full  reefed  inflation 
which  supported  a reasonable  uniform  full  inflation. 
The  uniformity  or  non-uniformity  of  inflation  that 
may  be  expected  is  discussed  in  Chapter  6.  Longer 
reefing  times  generally  improve  the  uniformity  of 
cluster  inflation  but  also  increase  the  resultant  open- 
ing time  and  the  required  drop  altitude.  References 
primarily  concerned  with  the  G-1 1 parachute  are  74  , 
76  ,.81  and  103. 

Several  G-1 1 parachute  modifications  have  been  in- 
vestigated to  improve  performance  or  obtain  special 
characteristics  such  as  a shorter  parachute  opening 
time.  One  modification  investigated  was  the  use  of  a 
95  ft  long  center  line  which  connects  the  canopy  vent 
to  the  parachute  suspension  confluence.  Pulling  the 
vent  down  slightly  above  the  level  of  the  parachute 
skirt  creates  a toroidal  annular  shape  of  the  parachute 
canopy  which  results  in  a shorter  filling  time  and  high- 
er drag  area.  This  results  in  an  increase  of  about  25 
percent  in  opening  force,  the  USAF  tested  numerous 
center  line  versions  and  arrangements  however,  no 
published  USAF  report  on  G-1 1 with  center  lines  is 
available.  The  U.S.  Army  Natick  R & D Command,  in 
Reference  104  and  105  investigated  and  tested  the 
adapted  version  of  this  modification,  the  G-1  IB  para- 
chute. This  parachute  uses  a 60  ft  long  reefing  line 
and  four,  2-second  cutters.  Reference  105  quotes  the 
primary  gain  as  a 250  to  300  teet  lower  droo  altitude 
and  the  possibility  of  a 500  ft  drop  altitude  for  a sin- 
gle or  duster  of  two  G-1  IB  parachutes  until  reaching 
the  desired  rate  of  descent  of  25  ft/sec  on  the  "sys- 
tem second  vertical"  position. 

The  U.S.  Army  investigated  the  addition  of  an  in- 
ternal parachute  for  decreasing  the  filling  time  of  the 
parachute  canopy10®.  The  added  complexity  did  not 
compensate  for  a marginal  improvement. 

The  U.S.' Army  Natick  R & D Command  develop- 
ed, tested  and  qualified  a 135  ft,  nominal  diameter, 
solid  flat  cargo  parachute107.  This  parachute  't  rough- 
ly equivalent  in  performance  to  two  100  ft  uiameter 
G-1 1 A parachutes.  The  parachute  was  extensively  test- 
ed, 78,7®  however,  one  of  its  operational  drawbacks 
is  the  weight  of  450  lbs  for  a full  parachute  assembly, 
a weight  difficult  to  handle  in  packing  and  mainten- 


TABLE  1.10  LIST  OF  STANDARO  AIRDROP  MAIN  RECOVERY  PARACHUTES 


PARAi 

NOMINAL 

NO.  OF 

EFFEC-  MATERIAL 

MATERIAL 

WEIGHT  MAX 

PERFORMANCE 

CHUTE 

DIA- 

GORES 

TIVE  CANOPY 

SUSP.  LINES 

VELOCITY 

TYPE 

METER 

SUSP. 

TYPE  STR. 

TYPE  srp. 

LBS(1)  KNOTS 

WT  Ve 

D0  FEET 

LINES 

L§/D0  LB/IN 

LB 

LB  FT/SEC  i 

G-13 

Hemispherical 

32.4 

20 

0.93 

Cotton 

Rayon 

400 

40 

150 

500 ,2) 

29 131 

G-14  <4> 

Single-Slot 

Biconical 

34 

32 

0.8 

Cotton 

48 

Cotton 

400 

37.5 

150 

500 

27 

G-12D 

Solid  Flat 

64 

64 

0.8'  \ 

Nylon 

90 

Nylon 

1000 

130 

200(51 

2200 

28 

■ 

G-11A 

Solid  Flat 

100 

120 

0.8 

Nylon 

50 

\ 

Nylon 

550 

250 

150 

3500 (6> 

22 

, 

G-11B18* 

Solid  Flat 

100 

120 

0.9  to 
1.1 

Nylon 

50  XNvIon 

\ 

530 

275 

150 

5000 

25 

135  Ft 1101 
Solid  Flat 

136 

160 

1.25 

Nylon 

50 

Nylon 

550 

460 

>50 

9000  (9> 

22 

( 1)  Awwnbly  yM<ght  includw  deployment  Lag,  bridle,  ttatic  line 
< 21  Max  Payload  Weight 
( 3)  For  quoted  max  payload 
( 41  Raplacamant  tor  G-13 
( SI  Higher  for  tingle  raafad  perechutee 
I 01  In  clutters  up  to  50.000  lb« 

( 7)  In  clutters  up  to  15,000  Iba 
( 8)  Putl-Oown  Vant  Lina 
( 91  In  clutters  up  to  50,000  Iba 
(101  Not  in  Sarvtea 


ance.  Also,  retrieval  of  such  a heavy  parachute  after 
drop  requires  special  care  and  preferably  special  equip- 
ment.  The  parachute  has  not  been  standardized  for 
use  by  the  Armed  Services  but  is  available  if  the  need 
for  such  a large  parachute  should  arise108-’08. 

The  U S.  Air  Force  in  the  early  1950's  investigated 
150  ft  and  200  ft  diameter  cargo  parachutes  for  the 
airdrop  of  heavy  cargo  platforms.  Tests  showed  the 
parachutes  to  be  technically  feasible  but  impractical 
in  the  field  due  to  size  and  weight.  It  made  packing, 
rigging  and  field  retrieval  after  drop  difficult,  requir- 
ing large  facilities  for  packing  and  excessive  personnel 
for  retrieval,  Also,  the  long  parachute  opening  times 
in  excess  of  20  seconds  for  the  200  ft  diameter  para- 
chute were  undesirable 1 ,0'’ 1 1 . 


Field  experience  in  WW  II  and  Korea  showed  that 
parachutes  in  combat  were  never  recovered  due  to  the 
battlefield  environment.  It  was  therefore,  logical  to 
investigate  the  development  of  one-time  use,  or  as 
they  were  called,  "expendable"  parachutes.  Both  the 
Air  Force  and  the  Army  conducted  studies  and  tests 
on  materials,  substantially  lower  in  cost  than  standard 
parachute  materials.  Investigated  were  paper,  plastic 
films  and  laminates,  spun  nylon  and  other  materials. 
Difficulties  were  encountered  in  bonding  of  gores, 
attachment  of  suspension  lines  and  stiffness  of  the 
materiel  in  peckihg  and  handling.  The  low  porosity 
material  developed  high  opening  loads  *n  airdrops  and 
the  parachutes  were  quite  unstable.  Designing  poro- 
sity into  the  canopies  in  the  form  of  slots  and  holes 


defeated  the  low  cost  aspect.  Efforts  In  this  area  were 
discontinued  after  several  unsuccessful  development 
programs  1 12,113.114 

The  feasibility  of  airdropping  loads  in  excess  of 
50,000  lbs  is  discussed  in  references  115  and  116.  Air- 
drop of  loads  up  to  90,000  lbs  appears  possible  with 
the  C-5  aircraft  Recovery  of  the  165,000  lb  SRB 
booster  from  the  C-5  aircraft  are  discussed  later  in 
this  chapter.  Both  systems  show  the  possibility  of  ex- 
tracting and  recovering  loads  in  excess  of  50,000  lbs. 

Extraction  Parachutes  Parachutes  for  ex- 

tracting loads,  and  especially  platforms  from  aircraft 
were  introduced  in  the  lat  1940's.  In  the  early 
1950's,  the  USAF  introduced  the  pendulum  swing- 
arm  deployment  method  for  ejecting  extraction  para- 
chutes from  the  aircraft  cargo  ompartment  starting 
with  the  C-82  aircraft.  An  extraction  force  of  0.7  to 
1.5  times  the  load  of  the  platform  to  be  extracted 
(0.7  to  1.5  g's)  was  found  to  cO  a practical  approach 
for  the  standard  airdrop  method.  The  introduction 


of  LAPES  necessitated  extraction  and  platform  decel- 
eration forces  of  up  to  3 g's.  This  decreased  the  ex- 
traction time  and  the  required  stability  and  control 
response  of  the  aircraft,  ft  also  decreased  the  ground 
slide  of  the  platform  after  extraction. 

Extraction  parachutes  must  have  a high  reliability 
of  operation  to  comply  with  aircraft  safety  during  the 
extraction  process.  A high  degree  of  uniformity  and 
repeatability  of  the  extraction  force  is  required  to  as- 
sure predictable  aircraft  stability  and  control  respons- 
es. The  extraction  parachutelsl  must  be  sufficiently 
stable,  so  as  not  to  interfere  with  aircraft  control  or 
platform  extraction. 

All  previously  mentioned  main  parachuta  require- 
ments regarding  cost,  ease  of  packing,  maintenance 
and  ground  retrieval  apply  equally  well  to  extraction 
parachutes. 

Table  1.1 1 lists  standardized  extraction  parachutes 
presently  in  the  inventory  or  qualified.  All  extraction 
parachutes  presently  in  service  are  of  Ringslot  design. 
The  heavy  duty  28  ft  diameter  extraction  paiachute 


TABLE  1.11  EXTRACTION  PARACHUTE  TYPES 


NOMINAL 

DIAMETER 

FT 

TYPE 

NO.  OF 
GORES 

RATIO 

CANOPY 

MATERIAL 

SUSP.LINE 

BREAKING 

STRENGTH 

LB 

PARACHUTE 

WEIGHT 

LB 

USED 

FOR 

DRAWING 

NUMBER 

15 

Ringslot 

16 

1.0 

2.25  oz  Nylon 

1000 

8.0 

Std/ 

LAPES 

57-16032 

22 

Ringslot 

28 

1.6 

3.5  oz  Nylon 

1500 

27.5 

Std/ 

LAPES 

52  K 6329 

28 

Ringriot 

30 

10 

2.25  oz  Nylon 

2000 

36.5 

Std/ 

LAPES 

58K6326 

28°’ 

Ringslot 

36 

1.0 

3.5  oz  Nylon 

2300 

68.5 

Std/ 

LAPES 

67K1901 

35 

Single-Slot 

32 

10 

3.5  oz  Nylon 

4000 

96.0 

Special 

68K373 

35<2> 

Ringslot 

32 

1.0 

3 5 oz  Nylon 

4000 

90.0 

Special 

68K372 

(II  Heavy  duty  extraction  parachute 
(2)  Experimental  extraction  parachute 
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Figure  1.25  Parachute  Extraction  Force  and  Extraction  Speed  vs  Time  F >r  a 35  Ft  Parachute 
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was  required  for  standard  airdrop  extractions  at 
speeds  up  to  150  knots  The  lighter  20  ft  diameter 
parachute  will  become  obsolete  to  assure  a minimum 
of  system  components.  The  35  ft  diameter  parachute 
was  developed  for  possible  use  with  loads  in  excess  of 
35.000  lb It  is  a flat  circular  type  of  either  Ring- 
slot  or  single-slot  design.  This  parachute  is  fully  qual-  ■ 
ified  but  is  not  in  the  operational  ihventory  since 
clusters  of  28  ft  parachute  are  being  used  to  extract 
these  heavy  loads.  Recommended  combinations  of 
extraction  parachute  size  and  platform  loads  for 
standard  airdrop  and  LAPES  are  found  in  Reference 
124 

Figure  1.25  shows  the  parachute  extraction  force 
and  platform  extraction  velocity  vs  time  for  a 35  ft 
diameter  parachute  extracting  a 50,000  lb  load  plat- 
form. The  rail  release  fittings  did  not  disconnect  the 
platform  until  a pa'sehute  load  of  15.000  lb  was 
reached.  This  provided  for  a fast  extraction,  a high 
extraction  velocity  and  avoided  excessive  aircraft 
pitch-up  due  to  the  load  moving  aft  in  the  aircraft. 

Special  Airdrop  Systems.  Airdrop  oi  supplies  and 
equipment  has  frequently  encountered  such  special 
requirements  as  airdrop  of  sensitive  equipment,  pre- 
cision airdrop  without  enemy  detection  of  the  air- 
drop, airdrop  into  .inaccessible  jungle  or  mountainous 
areas  and  related  tasks. 


Retrorockets  for  terminal  impact  attenuation 
permit  a higher  rate  of  descent,  a lighter  parachute 
system  and  a close-to-zero-impact  velocity.  A ground 
sensor  is  .required  for  firing  the  rockets  at  the  right 
altitude  above  ground.  The  rocket  installation  either 
in  the  platform  or  in  the  riser  between  platform  and 
parachute  is  complex  and  obviously  expensive.  The 
U.S.  Army  in  the  1960’s  conducted  an  extensive  de- 
velopment test  program  of  a parachute-rocket  airdrop 
system  for  use  with  load  platforms.  The  feasibility 
was  proven;  however,  the  program  was  terminated 
due  to  the  development  of  the  LAPES  concept,  a 
more  cost-effective  and  operationally  preferable 
approach1 35-1 The  Russians  have  developed  an 
operational  parachu.te/retrorocket  system  for  the  air- 
drop of  heavy  loads. 

Numerous,  unsatisfactory  attempts  have  ’ been 
made  to  develop  a precision  airdrop  landing  system 
using  gliding,  maneuverable  parachutes,  so  success- 
fully used  by  sport  jumpers  and  military  personnel. 
The  approach  appears  technically  feasible.  However, 
it  requires  a fully  automatic  vehicle  three-axis  and 
flight  path  control  system  somewhat  similar  to  a fully 
automatic  aircraft  landing  system,  a task  not  opera- 
tionally solved  at  this  time.  Gliding,  maneuverable 
parachutes  are  discussed  in  detail  in  Chapters  6 and  7: 
Efforts  to  develop  precision1  airdrop  systems  using 


Figure  1.26  T-10 . Personnel  Troop  Perechute  Figu.el.27  T-10  Paratrooper  Parachute, 

Ateembty  Bette  Configuration 

maneuverable  parachutes  are  found  in  References  130  chutes  at  the  same  distance  after  leaving  the  aircr. 
through  136.  and  minimizes  mid-air  collision  and  interference  T 

Attempts  have  been  made  to  airdrop  parachute/  C-130  and  the  C-141  exit  the  paratroopers  in  h 

load  systems  at  very  low  altitude  and  have  the  para-  rows  on  both  sides  of  the  aircraft  at  time  intervals 

chute  ascend  to  obtain  the  required  altitude  for  full  approximately  0.5  to  1.0  seconds.  The  result  (at  jur 

parachute  opening  and  proper  load  landing  attitude  speeds, of  —130  knots)  is  a considerable  spread  of  t 

137,138  method  ,s  discussed  in  detail  under  the  paratroopers  on  the  ground,  a problem  that  has  n 

delivery  of  ordnance;  however,  it  is  considered  im-  been  solved.  Most  paratroopers,  paramedics  and  spi 

practical  for  airdrop  of  equipment  and  personnel.  ial  forces  personnel,  carry  considerable  equipme 

which  effects  the  harness  design  and  positioning 
Airdrop  of  Personnel  main  and  reserve  parachutes.  Th6  jump  altitm 

U S.  Army  paratroopers,  paramedics  and  special  should  be  as  low  as  safety  permits  for  better  landii 

forces  establish  the  primary  requirements  for  a pre-  accuracy.  However,  the  use  of  a reserve  parachu 

meditated  jump  parachute  system.  The  T-7  troop  necessitates  a minimum  jump  altitude  above  grout 

parachute  assembly  used  in  WW  II  was  a modified  of  1200  to  1500  feet  in  order  for  the  jumper  to  I 

28  ft  diameter  aircraft  escape  parachute  equipped  able  to  recognize  a parachute  malfunction  and  to  ac 

with  a 24  ft  diameter  reserve  parachute  and  a quick-di-  vate  the  reserve  parachute.  Gliding  maneuverab 

vestable  harness.  Both  parachutes  were  of  solid  flat  parachutes  will  greatly  increase  the  landing  accurat 

design.  In  the  early  1950's,  a 35  ft  diameter,  10  per-  while  jumping  from  altitudes  of  1500  feet  and  abov 

cent  extended  skirt  parachute  (T-10),  was  standardiz-  High  performance  gliding  parachutes  require  an  ex  tei 

ed  as  troop  personnel  parachute  and  modifications  sive  amount  of  training,  appropriate  for  sport  jump* 

were  made  to  the  T-7  reserve  parachute  and  harness  but  not  acceptable  lor  most  military  personnel  tig 

to  conform  to  the  larger  main  parachute.  This  T-10  ■ use  the  parachute  only  as  a means  of  transportatio 

parachute  in  modified  form  is  in  use  today  (see  Fig-  to  arrive  at  a particular  location  in  order  to  perform 

ures  1.26  and  1.27).  All  paratrooper  parachutes  use  mission.  Currently,  military  application  maneuverabl 

static  line  dep'oyment  with  the  static  line  attached  to  parachutes  have  been  limited  to  those  with  glide  ratic 

the  aircraft.  This  assures  uniform  openiny  of  an  pars-  of  up  to  l.t.  Reserve  parachutes  are  used  for  all  trair 
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ing  missions  as  well  as  for  paramedics  and  special 
forces  jumps.  In  actual  combat  jumps,  no  reserve 
parachutes  have  been  used. 

For  special  missions,  free-fall  parachute  systems 
have  been  used  by  ail  services  using  a variation  of  the 
T-10  troop  parachute  as  main  parachute  (MC-3)  and 
manual  operation  and/or  automatic  parachute  open- 
ing by  barostatic  actuators. 

Pmtottntl  Panchutt  System*.  Personnel  parachutes 
have  two  over-riding  design  considerations: 


(1)  the  system  must  have  the  highest  degree  of 
reliability  possible,  and 

(2)  the  user  must  land  uninjured  and  ready  to  per- 
form the  assigned  mission. 

Table  1.12  lists  parachutes  presently  used  in  the 
Armed  Services  as  premeditated  jump  parachutes.  The 
table  uses  the  U.S.  Army  definitions  as  the  Army  has 
responsibility  for  these  parachutes.  All  systems,  with 
the  exception  of  the  MC-3  (Paracommander)  use  the 
original  35  ft  diameter  10%  flat  extended  skin  para- 


TABLE  1.12  LIST  Of  PERSONNEL  PARACHUTE  ASSEMBLIES 


TYPE  T-10 

T-10A 

T 108 

MCI 

MC-1-1 

MC-MB 

MC-1-2 

MC-2 

MC-3 

Main  Parachute  35  Ft 
Ext. Skin 

35  Ft 

35  Ft 

35  Ft 

35  Ft 

35  Ft 

35  Ft 

35  Ft 

Para- 

Com- 

mander 

Reserve  24  Ft 

Parachute  Solid  Flat 

Canopy 

24  Ft 

24  Ft 

24  Ft 

2*  Ft 

24  Ft 

24  Ft 

24  Ft 

24  Ft 

Anti- Inversion 

Net 

X 

X 

X 

TU  Maneuver 

Slots 

X 

X 

X 

Elliptical 

Opening  (Tojo) 

X 

X«‘ 

Pilot  Chute 

36" 

36" 

40" 

Static  Lina  X 

Deployment 

X 

X 

X 

X 

X 

Manual  Deploy. 

X 

X 

X 

X 

Barostet 

Deployment 

X 

X 

X 

Harness  Central  Central  Parachute  Central , Central  Parachute  Parachute 

Reieeee  Release  Disconnect ^foeiease  Release  Disconnect^Diaconnect 


Comments  Present  Troop  Similar  To  Present  SimiterTo 

Parachute  Navy  Troop  Navy 

NSP-t  Parachute  NSP-2 


111  CNiptical  opening  plus  2 slots 

(2)  Two  wch  ihouktaf  locotsd  poracfiutt  dtoootwwcti 
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TABLE  1.13  T-10  PARACHUTE  AND  T-10  RESERVE  PARACHUTE  DIMENSIONS 


TYPE 


T-10 


T-10  RESERVE 


Design 

Diameter,  D0 
No.  of  Gores 


10%  Extended  Skirt  Solid  Flat 

35.0  Ft  24.0  Ft 

30  Ea  24  Ea 


Length  of  Suspension  Lines 


25.5  Ft 


20  Ft 


Strength  of  Suspension  Lines 


375  Lb 


550  Lb 


Effective  Lj/Dg  0.84  0.9  ■ 

Canopy  Material  1.1  oz/yd2  Nylon  1.1  oz/yd2  Nylon 


Parachute  Weight 

13. 

Maximum  Jump  Speed 

150 

Pocket  Bands 

50 

chute.  A 24  ft  diameter  solid  flat  parachute  is  used  as 
reserve  parachute.  Design  details  for  both  are  given  in 
Table  1.13  . The  assembly  includes  a harness  with 
means  for  quick  release  of  either  the  total  harness  or 
the  parachute.  Numerous  changes  have  been  investi- 
gated for  either  improving  the  performance  or  over- 
coming deficiencies.  This  includes  the  anti-inversion 
net.  provisions  for  gliding  and  maneuvering,  and 
means  for  obtaining  a more  comfortable  and  quicker 
divestible  harness. 

In  the  mid-1960's  it  was  suggested  to  equip  the 
skirt  of  the  parachute  with  a net  extension  which, 
during  static  line  deployment,  would  prevent  the 
leading  edge  of  the  skirt  to  slip  through  two  adjacent 
lines  of  the  trailing  edge  of  the  canopy  skirt.  A nylon 
mesh  net  with  1.75  inch  square  openings  was  tested 
first.  It  retarded  opening  times.  The  final  version  is  a 
net  made  from  knotless  braided  nylon  with  square 
openings  3.75  inches  wide.  This  net  is  attached  to 
the  canopy  skirt  and  the  suspension  lines  and  extends 
18  inches  down  from  the  skirt.  In  addition,  two  apex 
cantering  loops  are  used  that  assure  proper  centering 
of  the  static  line  during  suspension  line  and  canopy 
deployment  (see  Figure  1.28  >.  The  Anti-Inversion 
net,  in  its  present  form  has  made  opening  mute  uni- 
form and  greatly  increased  its  reliability  and  the 
jumpers  confidences  his  equipment  ’ . 


85  Lb  10.4  Lb 

Kn  150  Kn 

% 


F&m  1.28  MC-1-1B  Parachute  (T-10  Panchut* 
with  Ami-tmmnion Nat  and  TU Slot*) 
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The  U.S.  Air  Force  in  1956  conducted  a compari- 
son test  wrogram  of  T-10  parachutes  equipped  with 
modifications  for  gliding  and  maneuvering;  this  result- 
ed in  the  T-1C  parachute  with  elliptical  openings  and 
slip  risers  called  the  Tojo  parachute14?  It  has  a glide 
ratio  of  approximately  0.6  to  0.7  and  a turn  rate  of  9 
seconds  for  a 180  degree  turn. 

Figure  1.28  shews  the  TU  Slot  version  of  the 
T-10  parachute.  It  consists  of  seven  center  slots  and 
two  long  and  two  short  turn  slots  equipped  with  con- 
trol lines.  This  parachute  has  a glide  ratio  of  about 
0.8  and  can  be  turned  180  degrees  in  4.5  seconds 
142-144,  Tests  proved  that  the  effect  of  the  TU  slot 
on  parachute  opening  time  is  negligible  and  that  it 
does  not  effect  the  '■"'ming  reliability.  The  basic 
T-10  with  the  TU  slo  called  the  T-10A/8  and  the 
T-10  with  slots  and  anti-inversion  net  is  called  the 
MC-1-1B.  The  T-10B  • 1 the  MC-1-1B  are  presently 
m service  with  the  U.S.  my. 

The  MC-3  parachute,  iee  Table  1.12  , is  a military 
version  of  the  commercially  available  Paracommander 
parachute.  It  has  a glide  ratio  of  1.1  to  10  and  a fast- 
er turn  rate  than  the  MC  1-1B  *45. 

The  T-10  reserve  parachute  listed  in  Taole  1.13,  is 
a solid  flat  parachute  of  24  ft  diameter.  Whenever  a 
reserve  parachute  is  deployed,  there  exists  the  danger 
of  entanglement  vyith  the  streaming  or  partially  inflat- 
ed main  parachute  Many  methods  have  been  investi- 
gated and  tested  to  overcome  this  problem  ,4®' iso. 

Tlie  U S.  Army  recommends  disconnecting  the  mal- 
functioning MC-3  main  parachute  before  deploying 
the  reserve  parachute.  This  requires  a quick  acting 
main  parachute  disconnect. 

Special  Concepts  of  PanonoM  Airdrop  Systems 
The  idea  of  airdropping  a small  military  unit  and  all 
its  equipment  in  a container  was  first  investigated  at 
the  end  of  WW  II  and  has  been  discussed  intermittent- 
ly ever  since.  Presently,  paratroopers  after  airdrop,  are 
spread  out  over  a considerable  distance.  The  idea  of 
airdropping  a small  self-contained  fighting  unit  land- 
ing in  one  place,  ready  for  action  is  intriguing  to  the 
military  planner.  References  IV  and  1BZ  discuss  this 
approach  and  make  suggestions  for  a so’ Jtion. 


AIRCRAFT  DECELERATION  AND  SPIN 

* RECOVERY 

Parachutes  have  proven  to  be  very  effective  for 
decelerating  aircraft  during  landing  approach,  landing 
roll  and  for  recovery  from  spins  and  stalls.  The  first 
known  test  using  a parachute  as  a landing  brake,  was 
conducted  in  1923  at  McCook  Field,  near  the  present 
Wright-Patterson  AFB,  in  Ohio.  A conventional  man- 
carrying parachute  was  used  to  reduce  the  landing  roll 
of  a DeHavilland  biplane.  In  1933,  the  Germans  in- 
vestigated the  feasibility  of  developing  parachutes 
suitable  for  the  in-flight  and  landing  deceleration  of 
aircraft.  As  a result  of  these  investigations,  the  rib- 
bon parachute  was  developed  and  successfully  rested 
in  1937  as  a landing  brake  for  a Junkers  W-34  air- 
craft. The  ribbon  parachute  proved  to  be  adequately 
stable,  opened  reliably,  had  a low  opening  shock  and 
did  not  interfere  with  the  controllability  of  the  air- 
craft. Ribbon  parachutes  were  used  during  WWII  by 
the  Germans  as  landing  deceleration  parachutes  and 
as  retractable  aircraft  dive  brakes. 

The  development  of  jet  aircraft  resulted  in  high 
landing  speeds  and  associated  tong  lending  rolls.  The 
8-4  7 bomber  was  the  first  U.S.  aircraft  to  be  equip- 
ped with  a landing  deceleration  ( drag I parachute  end 
soon  was  followed  by  the  F-94  fighter  end  the  B-52 
bomber.  The  drag  parachute  of  the  B-47  decreased 
the  tending  roll  by  25  to  40  percent  depending  on 
touchdown  speed  and  runway  conditions.  Drag  para- 
chutes are  most  effective  on  wet  or  icy  runways  and 
for  high  speed  emergency  landings.  The  aircraft  drag 
parachute,  originally  intended  as  an  emergency  de- 
vice. soon  proved  to  be  effective  for  saving  tires  and 
brakes.  This  resulted  in  general  use  of  the  parachute 
for  ell  lendings. 

The  B-47,  in  addition  to  the  landing  drag  para- 
chute. used  an  approach  angle,  and  improved  the 
landing  accuracy. 

Parachutes  ere  used  today  on  most  military  and 
some  civilian  aircraft  tor  spin  end  deep  stall  recovery. 
Many  aircraft  during  the  flight  test  phase,  must 
demonstrate  spin  and  deep  stall  recovery  character- 
istics. Parachutes  installed  in  the  tad  of  the  aircraft 
have  been  used  successfully  for  terminetion  of  the 
spin  and  for  stall  recovery. 

Landing  Deceleration  (Drag)  Parachutes 

Application  and  Operation.  Landing  drag  para- 
chutes produce  their  maximum  decelerating  force 
immediately  after  opening  following  aircraft  touch- 
down, or  at  a time  when  wheel  brakes  are  not  very 
effective.  This  is  important  for  unfavorable  landing 
conditions  such  as  wet  or  icy  runways  and  for  emer- 
gencies such  as  aborted  take-offs,  malfunctioning 
brakes  and  over -speed  landings  without  flaps. 


49 


In  operation,  the  aircraft  pilot  makes  a normal 
approach  and  landing  and  deploys  the  draq  parachute 
at,  or  right  after,  touchdown.  ( Figure  1.29  shows 
the  B 52  with  landing  drag  parachute  deployed).  Re- 
liable parachute  deployment  and  opening  involves  the 
total  process  from  pilot  command  to  main  parachute 
full  opening.  Figure  1.30  shows  a typical  drag  para- 
chute assembly  consisting  of  pilot  chute,  pilot  chute 
bridle,  drag  parachute  deployment  bag,  drag  para- 
chute, and  riser  and  aircraft  attachment/disconnect 
fitting.  Upon  pilot  action,  the  aircraft  drag  parachute 
compartment  door  is  opened  and  the  pilot  chute  is 
ejected.  The  pilot  chute  by  means  of  the  bridle  ex- 
tracts the  drag  parachute  deployment  bag  from  its 
compartment.  The  bag  opens  and  deploys  riser,  sus- 
pension lines  and  parachute  canopy.  Brakes  are 
applied  at  a speed  of  approximately  80  knots.  At  the 
end  of  the  landing  roll,  the  pilot  keeps  the  drag  para- 
chute inflated  and  off  the  runway  by  rolling  at  low 
speed  to  a designated  parachute  drop-off  area,  gener- 
ally located  near  the  end  of  the  runway,  where  the 
pilot  jettisons  the  drag  parachute.  The  pilot  should 
not  try  to  reinflate  the  parachute  after  collapse  or 


drag  it  to  the  hangar  area  This  will  result  in  para- 
chute damage  due  to  ground  friction  and  soiling  by 
the  exhaust  of  the  jet  engine.  Pilots  can  control  infla- 
tion by  applying  enough  engine  power  to  keep  the 
parachute  inflated  even  at  very  low  speeds.  The  para- 
chute, independent  of  the  location  of  the  aircraft 
attachment  point,  will  ride  above  ground  due  to  the 
airflow  around  the  canopy.  Ground  personnel  will 
retrieve  the  jettisoned  parachute  and  return  it  to  the 
packing  loft  for  inspection,  repair,  repacking  and 
storage  for  reuse.  Single  drag  parachutes  have  been 
used  more  than  150  times  The  normal  life  span  is  25 
to  50  cycles.  Qualified  maintenance  personnel  in- 
spect and  approve  or  reject  the  parachute  for  further 
use,  normally  governed  by  Tech.  Orders  and  by  Speci- 
fication Mil-D-9056. 


Parachute  Requirements  and  Design.  Aircraft  de- 
celeration parachutes  must  meet  the  following  re- 
quirements: 

Minimal  oscillation,  to  avoid  interference  with 
control  of  the  aircraft. 


» 

Figure  1.29  8-52  With  Landing  Dreg  Parachute  Deployed 


/ 
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Figun  1.30  Typical  Landing  Drag  Chute  Assembly 


Reliable  opening  in  the  wake  of  the  aircraft. 

High  drag  but  low  opening  peak  load. 

Low  weight  and  volume. 

Suitability  for  repeated  use. 

Ease  of  maintenance  and  installation. 

Low  cost. 

The  ribbon  parachute,  as  previously  mentioned, 
was  specifically  developed  as  a stable  parachute  that 
would  not  interfere  with  aircraft  control.  An  added 
benefit  is  its  low  opening  load  factor  and  its  insensi- 
tiveness  to  local  damage. 

The  ringslot  parachute  was  developed  in  1951  at 
Wright  Field  as  a low  cost  replacement  of  the  ribbon 
parachute  and  is  used  today  on  many  U S.  and  for- 


eign fighters.  Several  foreign  countries  are  using  the 
Cross  parachute  which  is  employed  in  this  country  as 
a drag  brake  for  automobjle  dragsters.  A varied  po- 
rosity version  of  the  conical  ribbon  parachute  type 
using  continuous  ribbons  has  been  introduced  recent- 
ly as  an  aircraft  drag  parachute.  Characteristics  of 
these  and  other  parachute  types  aie  listed  in  Tables 
on  pages  75  through  77.  Table  1.14  lists  aircraft 
deceleration  parachutes  currently  in  use. 

It  is  of  the  utmost  importance  that  the  pilot  chute 
be  ejected  into  good  airflow,  open  quickly  and  ex- 
tract the  drag  parachute  bag.  If  the  pilot  chute  is  too 
small,  the  bag  may  fall  to  the  runway  and  be  dam- 
aged. If  the  pilot  chute  is  too  large,  it  may  delay  or 
prevent  opening  of  the  drag  parachute.  The  deploy- 


TABLE  1.14  AIRCRAFT  DECELERATION  PARACHUTES 


Type 

Aircraft 

Diameter 

ft 

Type 

No.  of 

Gores 

Deployment 

Velocity 

knots 

MB-5 

F-100 

16 

Ringslot 

20 

190 

MB-6 

F-101 

15.5 

Ringslot 

20 

200 

MB-7 

F-104 

16 

Ringslot’ 

20 

200 

MB-8 

F-105 

20 

Ribbon* 

24 

225 

A-28A-1 

F-106 

14  5 

Ringslot 

20 

220 

- 

F-5 

15 

Ringslot 

20 

180 

MB-1 

B-47  (approach) 

18 

Ringslot 

20 

, 195 

0-1 

B-47 

32 

Ribbon 

36 

160 

D-2 

B-52 

44 

Ribbon 

48 

170 

- 

. B-58 

24 

Ringslot 

28 

190 

- 

F-16** 

23 

Ribbon* 

24 

200 

TA-7E 

15 

Ringslot . 

20 

180 

* Varied  porosity  continuous  ribbon 
•*  Norwegian  version 


51 


ment  bag  should  closely  contain  the  drag  parachute 
and  riser  and  its  packed  shape  should  conform  to  the 
aircraft  compartment  outline.  The  bag  should.be 
large  enough  to  prevent  movements  in  the  aircraft 
compartment  and  loose  enough  to  ensure  easy  bag 
extraction.  Normally  a two-compartment  bag  is  used 
separating  the  parachute  canopy  from  the  suspension 
lines  and  riser.  Stow  loops  and  tie  cords  are  used  to 
hold  components  in  place  and  subsequently  deploy 
them  in  an  orderly  fashion,  e g.,  the  riser,  suspension 
lines  and  canopy,  in  that  sequence.  This  concept  is 
known  as  riser-first  deployment.  Good  stowage  pro- 
visions and  sequential  deployment  of  components  is 
especially  important  for  large  bombers  employing 
parachutes  with  diameters  of  more  than  20  to  30  feet. 

A low  location  of  the  aircraft  riser  attachment 
point  coupled  with  a large  diameter  drag  parachute 
may  cause  the  parachute  force  line  to  go  below  the 
center  of  gravity  of  the  aircraft  resulting  in  high  loads 
on  the  forward  landing  gear.  This  can  be  somewhat 
alleviated  by  a longer  riser  or  use  of  a cluster  with  a 
low  resultant  force  line.  A longer  riser  will  reduce  the 
drag  loss  but  increase  riser  weight  and  deployment 
time.  A riser  length  of  1 .0  to  1 .5  times  the  nominal 
parachute  diameter  was  recommended  in  Reference 
153  a value  now  considered  too  conservative.  The  riser 
length  is  determined  more  by  the  riser  force  line  to 
aircraft  center  of  gravity  relationship,  by  avoiding 
drag  losses  in  the  wake  of  the  aircraft,  and  by  protect- 
ing the  drag  parachute  from  the  heat  plume  of  the  jet 
engine.  Fighter  drag  parachutes,  as  a rule  have  long 
risers,  whereas  the  8-52  drag  parachute  with  no  cen- 
ter engine  and  a high  location  of  the  riser  attach  point 
has  a very  short  riser. 

The  parachute  must  be  designed  with  multiple  use 
in  mind.  All  parts  of  the  assembly  should  be  designed 
for  and  protected  against  abrasion  and  rough  handling. 
Major  components  should  be  easily  detachable  from 
each  other  to  facilitate  replacement.  Risers  are  form- 
ed either  from  multiple  layers  of  textile  webbings  or 
from  bundled  continuous  suspension  lines.  The  latter 
approach  is  used  on  the  B-52  drag  parachute  riser 
since  it  proved  to  be  impossible  to  design  a webbing 
riser  with  sufficient  strength  and  flexibility,  Risers 
frequently  need  protection  from  the  heat  of  jet  ex- 
haust. Nomex  sleeves,  coated  braided  metal  sleeves 
and  similar  techniques  are  used.  The  riser  connection 
to  the  aircraft  is  either  a metal  fitt  ig  or  a loop  form- 
ed by  the  textile  riser  that  engages  a release  mecha- 
nism in  the  aircraft. 

The  aircraft  manufacturer  determines  the  required 
parachute  drag  for  a given  maximum  landing  velocity 
This  in  turn  determines  the  drag  area  ICqS)  of  the 
parachute.  Parachute  sire,  opening  load  factor;  ap- 
plied factor  of  safety  and  d«'gr»  factors  for  abrasion, 


multiple  use,  connection  efficiencies  between  canopy 
and  suspension  lines  and  suspension  lines  and  riser  de- 
termine the  required  material  strength,  and  thereby, 
the  weight  of  the  parachute  assembly. 

Suitability  for  aircraft  operational  environment, 
ease  of  maintenan,®  and  operation  and  low  cost  are 
self-explanatory  or  have  been  mentioned  previously. 
This  involves  min-mum  support  equipment,  ease  of 
repair,  packing  storage  and  installation.  Total  cost 
includes  acquisition  cost,  refurbishment  cost  and  the 
number  of  possible  reuses. 

Pressure  packing  a parachute,  a technique  exten- 
sively used  in  airborne  vehicle  recovery,  is  avoided  for 
aircraft  drag  parachutes  to  minimize  the  need  for 
support  equipment  and  decrease  packing  time  and 
complexity. 

Aircraft  Installation.  The  parachute  installation 
has  to  conform  to  the  aircraft  and  not  the  other  way 
around.  However.,  a reliable  aircraft  drag  parachute 
system  should  comply  with  the  following  recommen- 
dations: 

Suitable  drag  parachute  compartment  location 

Suitable  drag  parachute  compartment  configuration 

Safe  drag  parachute,  "lock,  deploy  and  jettison" 

mechanism 

The  parachute  compartment  should  be  located  on  the 
upper  side  and  to  the  rear  of  the  fuselage,  smooth  on 
the  inside  with  rounded  corners  and  a sloped  rear  wall 
to  facilitate  extraction  of  the  drag  parachute  bag  by 
the  pilot  parachute.  The  deployment  path  of  ,K<*  bag 
should  be  clear  of  protrusions  and  obstacles  rhat  can 
cause  hang-ups  of  pilot  chute  or  bag.  Trie  pilot  chute 
installation  should  assure  immediate  ejection  after  tne 
compartment  door  is  opened.  A good  pilot  chute 
location  is  on  the  inside  of  the  compartment  door  or 
on  top  of  the  drag  parachute  deployment  bag,  with 
the  pilot  chute  held  in  place  with  flaps  actuated  by 
the  opening  of  the  compartment  door.  If  the  com- 
partment is  on  the  side  of  the  fuselage,  the  bag  must 
be  positioned  and  held  in  place  by  flaps  that  are 
opened  by  the  deploying  pilot  chute.  An  under- 
fuselage  installation,  as  used  on  the  B-47,  should  be 
avoided.  Such  parachutes  are  difficult  to  install  in 
overhead  locations  and  require  the  undesirable  cano- 
py-first-deployment  concept,  (see  Chapter  6).  The 
location  of  the  drag  parachute  compartment  should 
permit  easy  access  and  simple  installation  of  the  para- 
chute assembly  by  maintenance  personnel.  Safety 
precautions  are  required  to  prevent  ground  personnel 
injuries  from  inadvertent  opening  of  compartment 
Joors  and  pilot  chutes  being  ejected.  The  sometimes 
primitive  conditions  of  front  line  operation  should  be 
considered. 
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To  prevent  problems  caused  by  inadvertent  in- 
flight deployment  of  the  drag  parachute,  two  ap- 
proaches are  used : 

The  hook  of  the  release  mechanism  that  connects 
the  parachute  to  the  aircraft,  is  not  engaged  until 
the  pilot  is  ready  to  deploy  the  drag  parachute 
A fail-safe  break  link  in  the  riser  fitting  separates  if 
the  parachute  is  deployed  above  a safe  velocity. 
The  first  approach  is  generally  preferred. 

A single  handle  in  the  cockpit,  accessible  to  pilot  and 
co-pilot,  provides  all  three  functions  required  for  para- 
chute operation  The  first  three  to  four  inches  of 
handle  pull  engages  the  hook  that  connects  the  para- 
chute riser  to  the  aircraft.  Pulling  beyond  the  first 
stop  opens  the  compartment,  door,  ejects  the  pilot 
chute  and  starts  deployment  of  the  drag  parachute. 
To  jettison  the  drag  parachute,  the  handle  is  turned 
90  degrees  and  the  pull  is  completed.  Some  aircrafts 
use  an  up  and  down  movement  of  the  handle.  In  ev- 
ery case,  three  distinctly  different  movements  are 
required  Compartment  door  open.ng  at  pilot  com- 
mand should  automatically  eject  the  spring  loaded 
pilot  chute.  The  compartment  must  be  shielded 
against  engine  heat  and  moisture  and  the  compart- 
ment door  must  open  when  covered  with  ice.  Maxi- 
mum allowable  compartment  temperature  is  250°F 
for  nylon  parachutes.  It  is  preferable  to  have  the 
temperature  limited  to  200°F.  Future  use  of  Kevlar 
material  (see  Chapter  4)  will  result  in  smaller  com- 
■ partments  and  higher  allowable  compartment  temper- 
atures. 

Landing  Approach  Parachute 

The  B-47  bomber  used  a 16-ft  dia.  Ringslot  para- 
chute for  descent  from  high  altitude  and  for  landing 
approach  The  aer ©dynamically  clean  B-47  surpassed 
the  allowable  speed  limits  during  a steep  descent,  and 
in  "ground  controlled"  approach  had  difficulties 
making  a touchdown  at  the  beginning  of  the  runway. 
This  was  overcome  by  using  the  approach  parachute 
which  increased  t!»e  aircraft  d.ag  and  steepened  the 
glide  angle.  The  parachute  could  be  deployed  at  an 
altitude  of  40.000  feet,  and  was  often  used  for  de- 
scent, approach  and  during  touchdown  and  roll-out, 
in  place  of  the  ianding  drag  parachute.  Subsequent 
aircraft  used  more  effective  flaps  and  spoilers;  the 
use  of  the  approach  parachute,  therefore,  is  more  of 
historic  interest.  Details  of  the  approach  parachute 
design,  installation  and  use  can  be  found  in  Refer- 
ence 3B2  and  in  reports  published  on  the  B-47 
approach  parachute2®'163. 

Spin  Recovery  Parachutes 

Most  military  and  some  civilian  aircraft  must  be 
subjected  to  spin  tests  as  part  of  the  flight  test  pro- 


gram. During  these  spin  demonstrations,  the  aircraft 
is  generally  equipped  w;»h  a tail-mounted  spin  recov- 
ery parachute  system  an  emergency  recovery  de- 
vice in  case  the  aircraft  control  surfaces  are  unsuccess- 
ful in  achieving  recovery  from  the  spin.  The  fully  de- 
veloped spin  is  normally  considered  the  most  critical 
design  condition  for  the  spin  recovery  parachute  sys- 
tem. An  aircraft  in  fully  developed  spin  descends 
vertically  with  the  wing  fully  stalled  at  an  angle  cf 
attack  ranging  from  40  to  90  degrees  while  rotating 
around  a vertical  axis  at  a high  rate  of  turn. 

The  fully  developed  spin  is  primarily  a yawing 
motion  and  therefore,  the  most  effective  means  of 
recovery  from  it,  is  to  apply  an  opposing  yawing 
moment.  Consideration  must  also  be  given  to  the 
gyroscopic  moments  which  result  from  application  of 
other  than  yaw  moments  or  forces.  Film  records 
have  shown  an  aircraft  making  six  turns  in  seven 
seconds  and  changing  to  inverted  spin  and  back,  be- 
fore the  spin  recovery  parachute  was  deployed, 
ending  this  wild  gyration.  These  violent  aircraft 
motions  require  positive  parachute  deployment  away 
from  the  effective  range  of  the  spinning  aircraft  and 
into  good  airflow. 

System  Considerations.  Aircraft  spin  recovery 
parachute  system  design  involves  determination  of 
si?e  and  type  of  parachute,  length  of  connecting  riser, 
deployment  method  for  getting  the  parachute  into 
good  airflow,  and  th’  pilot  controlled  mechanism  for 
deploying  and  jettisoning  the  parachute.  Reference 
154  presents  a compilation  of  information  relative  to 
these  design  parameters. 

The  sire  of  the  spin  recovery  parachute  and  the 
riser  length  is  best  determined  in  model  spin  tests.  As 
an  alternative,  Table  1.15  lists  pertinent  data  for  sev- 
eral spin  recovery  parachute  systems.  Using  the  rela- 
tionship of  parachute  drag  area  to  wing  area  gives' a 
ratio  of  0.5  to  0.7  for  aircraft  in  the  70.000  lb  weight 
class  and  a ratio  of  0.8  to  1 .0  for  aircraft  of  about 
20,000  lb  weight.  The  parachute  used  should  be 
stable,  have  high  drag,  and  a low  opening  load  factor 
in  order  to  obtain  the  maximum  drag  force  with  a 
minimum  required  weight  and  stowage  volume.  The 
distance  from  the  leading  edge  of  the  parachute 
canopy  to  the  rear  of  the  aircraft  fuselage  is  impor- 
tant to  ensure  parachute  inflation  in  the  wake  of  the 
spinning  aircraft.  For  the  parachutes  listed,  the  ratio 
of  this  distance  divided  by  the  nominal  parachute  dia- 
meter varies  between  2.8  and  3.8  with  the  higher 
ratio  used  for  the  more  recant  aircraft. 

three  different  spin  parachute  deployment  meth- 
ods which  have  been  used  successfully,  are  illustra- 
ted in  Figure  1.31. 

Method  A Mortar  deployment  of  main  parachute 


53 


Aircraft 

Grots 

Weight 

Deployment 

Velocity 

Parachute 

Size 

Do 

Line 

Length 

'* 

Riser 

Length 

Trailing 

Distance 

Do 

Parachute 

Type 

Deployment 
Method 
(Fig.  1.31) 

Function  1 

i 

, i 
| 

lbs 

kts 

ft 

ft 

ft 

| 

DC-9 

108.000 

210 

24 

24 

136 

6.3 

Ribbon 

A 

j 

Stall  Rec.  j 

T-38 

11,000 

185 

24.8 

35 

45 

3.2 

Ribbon 

C 

Spin  Rec.  j 

F-1G5 

50,000 

200 

21 

21 

45 

3.7 

Ringslot 

c 

Spin  Rec.  j 

F-14 

53,000 

185 

26 

26 

74 

3.8 

Ribbon 

A 

t 

Spin  Rec.  j 

S-3A 

42.500 

140 

28 

28 

47 

2.7 

Ribbon 

A 

t 

Spin  Rec. 

F-16 

20,000 

188 

28 

28 

50 

2.8 

Ribbon 

A 

Spin  Rec.  ; 

F-5E 

15.000 

185 

24.8 

25 

45 

3.2 

Ribbon 

B 

Spin  Rec.  ; 

F-17 

22.000 

188 

26 

26 

76 

3.9 

Ribbon 

A 

Spin  Rec.  -i 

,1 

1 

1 


{ 

] 

1 


Method  B Mortar  deployment  of  a pilot  chute  and  stowed  together  with  the  parachute  in  the  main 

which  in  turn  extracts  main  parachute  deployment  bag.  The  riser  during  deployment,  must 

Method  C Drogue  slug  deployment  of  pilot  chute  be  protected  against  contact  with  parts  of  th.  aircraft 

Method  A must  be  judged  to  be  the  most  positive  or  the  Jet  en9'"e-  This  can  be  done  by  locating  the 

since  it  uses  the  smallest  number  of  components  and  riser  a«achmertt  point  at  the  very  rear  of  the  fuselage 

ejects  the  main  parachute  directly.  However,  this  and  by  shie,din9  the  riser- 

assumes  that  the  mortar  ejection  is  powerful  enough  The  d,scuss,on  of  deployment  bags  for  landing 

to  effect  strip-off  of  the  deployment  bag  plus  lines  to  dra9  Parachutes  applies  also  to  spin  parachutes.  Th< 

canopy  stretch  of  the  parachute.  Mortar  deployment  riser-first  deployment  method  should  be  used, 

of  the  pilot  chute.  Method  B,  is  the  next  best  ap-  Vane  type  pi,ot  chutes  are  requ,red  t0  ensure  ori‘ 

proach.  The  pilot  chute  must  be  ejected  into  good  ematl0n  of  the  p,lot  cftute  in  the  direction  of  the  air" 

airflow  with  a connecting  bridle  that  has  roughly  the  flow'  The  dra9  area  of  the  pllot  chu,e  should  be 

same  length  as  the  combined  main  parachute  riser  and  about  three-percent  of  the  drag  area  of  the  main  para- 

suspension  lines.  This  approach  requires  more  time  chu,e'  similar  ,0  landin9  dra9  parachutes.  Deploy- 

for  total  parachute  deployment  Deploying  the  pilot  ment  components  including  drogue  guns,  mortars  and 

chute  with  a drogue  gun.  Method  C,  has  been  used  deP'°V™ent  sleeves,  are  described  in  Chapter  3. 

with  good  results  for  several  installations;  however,  it 

requires  more  components  in  the  system  and  mcreas-  , Aircraft  installation.  The  discussion  for  landing 
es  the  possibility  of  interference.  In  the  spin  para-  drag  parachute  installation  applies  equally  well  for 

chute  system  for  the  T-38  aircraft,  the  pilot  chute  spin  recovery  parachutes,  but  it  is  even  more  impor- 

was  not  spring-ejected  but  deployed  with  a drogue  tant  to  assure  a free  path  for  the  ejected  and  extrac- 

slug.  This  was  changed  on  the  F 5 aircraft  to  a mor-  ted  pilot  chute  or  main  parachute  deployment  bag. 

tar  ejected  pilot  chute  and  on  the  F-17.  to  a mortar  The  riser  attach  fitting  must  be  located  so  that  the 

deployed  main  parachute.  Figure  1.32  shows  steps  riser  can  move  in  a 360  degree  circle  through  a 75  de- 
in the  progressive  deployment  of  the  F-1 5 spin  recov-  gree  arc  around  the  tail  of  the  aircraft.  The  aircraft 

ery  parachute.  must  be  stressed  for  accepting  the  parachute  loads  in 

the  same  directions  The  riser  attachment  mechanism 
Component  Design.  Ribbon  and  ringslot  para-  should  comply  with  the  requi'ements  discussed  for 

chutes  have  been  used  exclusively  as  spin  recovery  landing  drag  parachutes.  It  should  be  disengaged  in 

parachutes.  flight,  engaged  prior  to  parachute  deployment  and  be 

Risers  are  formed  from  multiple  layers  of  webbing  positive  in  jettisoning  after  use. 


Figure  1.32  F IS  Spin  Recovery  Parachute.  Deployment  Sequence 
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The  application  of  aerodynamic  decelerators  for 
stabilization,  deceleration  and  recovery  of  military 
ordnance  devices  covers  a wide  range  of  equipment. 
One  of  the  earliest  examples  was  an  attempt  in  World 
War  II  to  replace  the  rigid  fins  of  conventional  bombs 
with  stabilization  parachutes  which  shoitened  the 
length  of  the  bombs  and  permitted  placement  of 
more  ordnance  in  aircraft  bomb  bays.  The  Guide 
Surface  parachute  was  specifically  developed  for  this 
application.  A second  example  tried  in  World  War  If, 
was  the  equipping  of  conventional  bombs  with  large 
parachutes  to  permit  bomb  drops  from  aircraft  flying 
at  altitudes  below  300  feet.  The  resulting  bomb  de- 
celeration allowed  the  aircraft  to  escape  the  effective 
splinter  range  of  the  bomb  and  produced  bomb  im- 
pact angles  of  more  than  60  degrees  for  more  effec- 
tive bomb  fragmentation  patterns.  Airdropped  tor- 
pedos  and  mines  were  equipped  with  parachutes 
which  allowed  drops  at  high  aircraft  speeds  without 
destroying  the  ordnance  at  water  impact  or  having  it 
ricochet  at  the  water  surface,  due  to  too  shallow  an 
entry  angle. 

The  use  of  decelerators  for  the  stabilization  and 
deceleration  of  ordnance  devices  has  been  greatly  re- 
fined since  World  War. II.  The  introduction  of  nuclear 
bombs  made  their  deceleration  mandatory  in  order  to 
allow  the  drop  aircraft  to  gain  sufficient  time  and  dis- 
tance to  escape  the  effective  range  of  the  bomb  blast. 
Fast  opening,  high  drag  decelerators  of  great  structur- 
al strength  are  in  use  for  this  application.  Lifting 
decelerators  are  being  investigated  to  obtain  more 
time  and  distance  for  very  low  altitude  drops,  . 

Parachutes  have  been  used  since  World  War  I to 
decelerate  illuminating  flare*  fired  from  guns  or 
dropped  from  aircraft,  in  order  to  gain  maximum 
illumination  time  for  the  burning  candle.  Airdropped 
electronic  countermeasure  (ECM)  jammers  use  aero- 
dynamic decelerators  to  obtain  maximum  operating 
time  while  slowly  descending  on  the  deceleration  de- 
vice. Deceleration  and  stabilization  of  airdropped 
sonar  buoy*  is  necessary  for  placing  them  in  the  do 
tired  location  and  preventing  damage  at  water  impact. 

Bomb  Deceleration 

Aerodynamic  decelerator  device*  for  bomb*  must 
meet  the  following  operational  requirement*: 

1.  Maximum  reliability  of  operation  and  juffi- 
dent  effectiveness  to  assure  safe  separation 
between  drop  aircraft  and  bomb  bla*t. 

2 The  allowable  opening  speed  must  be  com- 
mensurate with  the  operation  speed  of  the 
drop  aircraft. 


3.  The  bomb  impact  angle  must  be  sufficiently 
steep  and  i.he  impact  velocity  sufficiently  low 
u a)  prevent  ricochet  of  the  bomb  at  impact 
esr ec.ally  on  hard  surfaces  (concrete),  b)  pre- 
.ent  fracturing  of  the  bomb  at  impact,  and 
c)  p'Ovide  a desired  fragmentation  pattern. 

4.  Provide  high  decelerating  forces  but  have  a 
low  c'-'-'k  opening  load. 

5.  Stab:!  i ie  ordnance  so  as  to  obtain  a pre- 
dictate  'epeatable  trajectory,  suitable  for 
automatic  weapons  control  system. 

6.  Long  time  storage  coupled  with  environmen- 
tal protection  as  well  as  interchangabilfty  of 
the  assembly. 

7.  Low  weight  and  volume,  simplicity  of  opera- 
tion. low  maintenance  and  ease  of  handling 
are  standara  i equipments. 

The  USAF  Aeronautical  Systems  Division  at 
Wright  Patterson  AFB,  and  the  Sandia  Laboratories  at 
Albuquerque,  New  Mexico  have  done  most  of  the 
development  of  decelerators  for  nuclear  bombs  with 
the  Sandia  Laboratories  presently  being  the  responsi- 
ble government  agency 

The  Air  Force  Armament  Development  Test  Cen- 
ter (ADTC)  at  Eglm  AFB.  Florida  is  monitoring  the 
development  of  decelerators  for  the  stabilization  and 
retardation  of  conventional  bombs. 

The  deceleration  of  bombs  covers  approximately 
the  following  performance  range: 
weights  from  100  lb  to  45,000  lb 
launch  altitudes  from  100  ft  to  45,000  ft.  and 
launch  velocities  from  low  subsonic  to  speeds  in 
excess  of  Mach  2 

Aerodynamic  decelerators  used  or  tested  single  or,  in 
clusters  have  ranged  m diameter  from  as  low  as  4 feet 
to  1 20  feet.  Recent  development  emphasis  has  been 
on  low  altitude,  high  speed  deceleration  and  on  the 
conversion  from'  nylon  material  to  higher  strength 
Kevlar. 

A Bomb  Retardation  System  of  Kevlar.  The  B-61 
nuclear  ordnance  devee.  which  has  a total  weight  of 
765  pounds,  is  presently, equipped  with  a 17  ft  diam- 
eter conical  ribbon  parachute  constructed  of  nylon 
material,  which  decelerates  the  bomb  to  an  impact 
velocity  of  approximately  75  fret  per  second.  The 
Sandia  Laboratories  has  conducted  tests  with  a 24  ft 
diameter  conical  ribbon  parachute  which  uses  Kevlar 
29  material  for  all  suspension  lints,  radials,  skirt  and 
vent  tapes,  and  for  most  of  the  horizontal  and  vertical 
ribbon*.  Both  parachute*  fit  into  the  sarhe  parachute 
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TABLE  1.16  COMPARISON  OF  NYLON  AND  KEVLAR  B-61  BOMB  RETARDATION  PARACHUTES 


Characteristics 

Nylon  Parachute 

Kevlar  Parachute 

Parachute  diameter.  Op  (ft) 

17.0 

24.0 

Parachute  type 

Conical  ribbon 

Conical  ribbon 

Nd.  of  suspension  lines 

- 24 

24 

Suspension  line  strength  (lbs) 

10,000 

13,500 

Horizontal  ribbon  strength  (lbs) 

3000/2000/1000 

3000/2000/1000 

Porosity  (geometric)  (%) 

21.5 

20 

Impact  velocity  (ft/sec) 

75 

50 

Parachute  weight  (lbs) 

84 

85 

Parachute  volume  (ft3), 

2 "2 

2.12 

compartment  and  have  about  the  same  weight.  The 
24  ft  Kevlar  parachute  produces  a much  higher  decel- 
erating force  which  is  a distinct  advantage  for  low 
altitude  drops.  Table  1.16  lists  a comparison  of  both 
parachutes. 

Launched  at  Mach  1.4,  the  24  ft  diameter  Kevlar 
parachute  produces  a retarding  force  of  90.000  lbs 
and  decelerates  the  bomb  in  two  seconds  from  700 
knots  to  60  ft/sec. 

The  parachute  deployment  system  r 4.  some  inter- 
esting features.  The  parachute  is  packed  in  a two-leaf 
cylindrical  bag.  split  in  the  middle  and  pressure  pack- 
ed with  mechanical  tools  and  corset  tyoe  lacing.  The 
deployment  bag  has  a cylindrical  opening  along  its 
center  for  placing  it  around  the , telescoping  elector 
tube  It  is  inserted  from  the  rear  and  attached  to  a 
pressure  plate  at  the  end  of  the  ejector  tube  by  means 
of  two  heavy  webbing  straps  extending  forward 
around  the  deployment  bag  Upon  ejection,  the  tube 
ruptures  six  sheer  pins  that  hold  the  short  tail  cap  in 
place  and  ejects  the  deployment  bag  by  means  of  the 
pressure  plate  and  the  two  webbing  straps  At  full 
bag  stretch,  sheer  knives  cut  the  lacing.  An  ejection 
speed  of  150  to  170  ft/sec  produces  full  line  and 
canopy  stretch  The  pressure  plate  and  the  two  web- 
bing straps  stay  attached  to  the  vent  of  the  parachute. 

All  parachutes  used  for  bomb  retardation  are 
manufactured  to  finished  dimensions  Isae  Chapter  4). 
This  guarantees  that  the  parachute  will  have  the  high- 
est possible  degree  of  aerodynamic  unifo'mity  in 
resulting  trajectories,  an  absolute  necessity  for  drop- 
ping bombs  with  a fully  automated  weapons  manage- 
ment system. 


A Bomb  Lifting  Decefemor.  An  interesting  con- 
cept has  been  developed  by  Sandia  Laboratories  for 
the  B-77  nuclear  bomb.  The  parachute  is  modified  so 
as  to  produce  a lifting  trajectory,  thereby  increasing 
the  time  and  distance  of  aircraft  bomb  blast  separa- 
tion. The  parachute  used  is  a conical  ribbon  para: 
chute  equipped  in  one  section  with  slanted  horizontal 
obbons.  These  slanted  ribbons  create  an  airfoil  type 
effect  which  lifts  the  bomb  up  to  100  feet  above  the 
aircraft  bomb  release  altitude.  Since  parachutes  can- 
not provide  roll  stability,  a roll  control  system  was 
developed  consistmg  of  a reference  unit,  a gas  genera- 
tor and  eight  exhaust  nozzles  that  control  the  bomb 
attitude  during  the  lifting  flight’56'15*. 

Bomb  Deceleration  by  Attached  Inflatable  Decel- 
erate (AID).  T.he  Air  Force  and  US  Army  have 
investigated  and  tested  balloon  type  decelerators 
(Ballutel  for  the  stabilization  and  deceleration  of 
conventional  bombs  and  bomb  lets  dropped  from 
high  and  lew  altitude  Similar  to  deceleration  by 
parachute,  the  purpose  of  • balloon  type,  attached 
inflatable  decelerator  (AID)  is  *0  obtain  safe  separa- 
tion, stable  fall,  deceleration  and  low  speed  ground 
impact157'163, 164  Typical  payloeds  are  the  500  lb 
Mark  82  and  the  2000  lb  Mark  84  conventional  gen- 
eral purpose  bombs.  AI0  subsystems  for  these 
bombs  have  been  tested  at  speeds  up  to  700  knots 
and  at  altitudes  as  low  as  100  feet.  Figure  1 33  shows 
the  general  AID  bomb  arrangement.  Deployment  of 
the  AID  is  initiated  by  a dtort  I inyard  after  aircraft 
bomb  separation-  Upon  lanyard  stretch,  a spring 
loaded  rear  cover  is  ejected  and  the  AID  deployed. 


Figure  1.33  Mark  82  AID 

Inflation  of  the  AID  by  ram  air  takes  from  G.1  to  0 2 
seconds. 

Bomblet  Deceleration.  Small  AID  subsystems  are 
being  tested  trr  ••  • stabilization  and  deceleration  of 
bomblets  droi  ; spenser  containers  After  drop 

from  the  aircid'-  ontamer  spins  up  and  ejects  the 
bomblets.  A typiv.ai  oomolet  is  2Vi, inches  in  diameter. 
6 inches  long,  weighs  3 /i  pounds  and  uses  a 7.75  mcii 
diameter  AID  fciection  of  the  bomblet  from  thedis 
pense'  moves  a sleeve  which  frees  the  AID  for  ram-air 
inflation.  The  AID  provides  a low  impact  fuze  action 
and  fragmentation  pattern. 

Torpedo  and  Mine  Deceleration 

Deceleration  of  airdropped  mines  and  torpedo* 
prior  to  water  entry  is  mandatory  to  assure  proper 
operation  of  the  ordnance  after  water  emersion.  The 
ordnance  after  separation  from  the  drop  aircraft  must 
bo  stabilized  in  the  'etarded  traiectory  and  enter  the 
water  at  an  angfe  and  at  a ve'ocity  that  will  not  dam-, 
age,  the  ordnance  or  cause  broaching  at  water  entry  or 
resubmergence  after  water  emersion  The  deceleration 
device  must  disconnect  either  at  water  entry  or  at  a 
preselected  water  depth. 

Operational  needs  may  dictate  drop  altitudes  as 
low  as  100  fee»  to  avoid  detection  and  hostile  counter- 
action.' Most  requirements  delmed  for  bomb  decelera- 
tion apply  equally  well  for  mine  and  torpedo  deceler- 
ation. The  final  water  entry  and  subsequent  under- 
water operation  impose  the  following  additional 
requirements 


1 . The  water  entry  velocity  must  be  limited  to  1 50 
to  300  ft/sec  depending  upon  the  ordnance 
device. 

2.  The  water  entry  angle  must  be  tailored  to  the 
requirement  of  the  specific  ordnance  device. 

3.  A mechanism  must  be  provided  for  automatic 
disconnect  of  the  decelerator  at  water  entry  or 
at  a preselected  water  depth. 

4.  The  decelera’or  assembly  must  be  designeo  to 
meet  specific  storage  and  handling  requirements 
fo' c:i-board  ship  use. 

Guide  Surface  parachutes  were  used  almost  exclu-  ■ 
sively  for  the  stabilization  cf  torpedos  up  to  the  late 
sixties  Their  excellent  stability  provided  for  stable 
flight  and  good  water  entry.  The  search  for  lower 
cost  and  lower  volume  decelerators  led  to  extensive 
development  work  on  the  Cross  parachute.  The  pri- 
mary emphasis  a*  this  time  is  on  the  use  of  the  Cross 
parachute  for  most  U S Navy  ordnance.  The  primary 
development  agency  for  Naval  ordnance  is  the  Naval 
Surface  Weapons  Center  (NSWC)  Silver  Springs.  MD 
A 'ypical  decelerator  subsystem  for  a 2400  pound 
ordnance  device  has  the  following  design  and  perform- 
ance data 

The  decelerator  is  a Cross  parachute  with  surface 
area  of  29  4 square  feet,  a drag  area  of  IB  square 
feet,  and  16  suspension  lines  1 1 feet  long  of  4000 
pounds  strengtn  each. 

The  parachute  canopy  is  manufactured  from  4 0 
Oz/ydJ  nylon  material  and  the  parachute  weights 
15  pounds 

The  maximum  opening  velocity  is  550  knots  and 
the  water  entry  velocity  if  150  to  200  ft/sec 

Parachutes  for  Radar  Targati  Flaras  and  ECM  Jammers 

Target  parachute,  battlefield  illumination  flares 
and  airdropped  electronic  counter-measure  (ECM) 
jammers  use  or  have  used  aerodynamic  decelerators 
to  provide  a low  rate  of  descent 

Target  Parachute*.  Target  parachute*  furnish  an 
aerial  radar  target  for  ground  and  aerial  gunnery  and 
missile  firing  practice  They  are  designed' to  have  a 
specific  mono  or  bi-static  radar  crcss-section  based  on 
a radar  return  signal  similar  to  enemy  aircraft  or  mis- 
siles The  radar  reflecting  surface  is  reated  by  manu- 
facturing the  parachute  canopy  from  aluminum  or 
Sliver  coated  maUr  al  and  by  arranging  the  mate'ial  in 
a canopy  pattern  that  best  duplicates  the  desired 
radar  ’•••turn  signal  Attempts  hive  been  made  to  ob 
tam  the  typical  glint  3nd  scintillation  patterns  of 
radar  returns  by  having  the  parachute  rotate  or  oscil- 
late in  a predetermined  mode  number  Target  p»ra- 


chutes  are  currently  not  in  use  by  the  Services  due  to 
their  lack  of  forward  velocity,  their  inability  to  per- 
form evasive  flight  maneuvers  and  the  difficulty  to 
reallv  duplicate  the  complex  radar  return  signal  of  air 
vehicles  over  a wide  range  of  azimuth  and  elevation 
angles.  Target  parachutes  still  are  in  use  by  several 
foreign  countries. 

Battlefield  Illumination  Flares.  Two  types  of  bat- 
tlefield illumination  flares  are  cannon  fired  flare  shells 
and  airdropped  large  illuminating  flares165-166.  Can- 
non fired  flares  permit  visual  night  observation  of  the 
battlefield  by  ground  forces.  Airdropped  flares  are 
used  for  illuminating  the  ground  for  aerial  photo- 
graphy. Both  types  have  been  used  in  large  numbers 
in  World  War  1 1 and  the  southeast  Asia  conflict. 

Flare  shells  are  fired  from  60mm,  105mm,  155mm 
and  even  larger  caliber  guns.  The  flare  shell  consists 
of  the  shell,  the  candle,  which  after  ignition,  provides 
the  illumination,  the  parachute  assembly  that  decel- 
erates the  candle  and  provides  a low  rate  of  descent 
during  the  burning  period,  and  the  ejection  mecha- 
nism which  ejects  the  candle  and  parachute  after  e 
specific  preset  time.  The  flare  shell  is  subjected  to 
accelerations  of  8000  to  20,000  g's  during  the  initial 
firing,  an  acceleration  that  the  decelerator  assembly 
must  be  able  to  withstand.  The  candle  with  the  para- 
chute assembly  is  ejected  at  shell  velocity  of  1200  to 
2400  feet  per  second  and  a shell  rotation  of  125  to 
240  revolutions  per  second.  The  weight  of  the  candle/ 
decelerator  assembly  ranges  from  approximately  2.4 
lbs  for  the  60mm  round  to  10  lbs  for  the  155mm 
round.  Parachute  diameters  vary  for  the  same  units 
from  approximately  24  inches' to  100  inches  in  diam- 
eter. Balloon  material  used  for  the  parachute  canopy 
during  World  War  II  has  been  replaced  with  nylon 
fabric. 

This  application  of  decelerators  makes  long-time 
storage  and  compliance  with  MIL-SPEC  environmen- 
tal conditions  an  essential  requirement.  -Parachutes 
used  are  primarily  solid  flat  type  parachutes.  Both 
stable  and  oscillating  parachutes  are  used.  A swinging 
candle  under  an  oscillating  parachute  is  claimed  to 
provide  better  differentiation  pf  certain  target  details. 
The  primary  development  agency  for  flare  shells  and 
their  retarder  assemblies  is  the  US  Army/RADCOM, 
formerly  the  Piccatiny  Arsenal,  in  Dover,  N.J.  07801. 

ECM  Jammer  Deceleration Aerodynamic  deceler- 
ation devices  have  been  investigated  and  extensively 
tested  for  small  ECM  jammers  dropped  from  aircraft 
in  dispenser  containers  and  ejected  from  the  contain- 
ers by  small  pyro-units  or  by  centrifugal  forces167. 
The  individual  jammers  were  in  the  ‘below  10 pounds’ 
weight  class.  Small  parachutes  of  ballistic,  gliding  and 
rotating  design,  were  tested  to  obtain  low  descent  and 


desirable  dispersion  rates.  The  decelerators  met  the 
operational  requirements  for  the  purpose  intended. 

Sonar  Buoy  Deceleration 

Sonar  buoys  are  under  water  listening  devices  that 
may  be  dropped  from  rotary  or  winged  aircraft.  De- 
celeration and  stabilization  of  the  buoys  is  required 
to  achieve  allowable  water  entry  velocity  and  for 
obtaining  a predictable  trajectory.  Airdropped  sonar 
devices  range  in  weight  from  20  to  100  pounds.  Drop 
speeds  range  from  50  to  60  knots  for  helicopters,  to 
400  knots  for  modern  anti-submarine  warfare  (ASW) 
aircraft  such  as  the  P 3-V.  Drop  altitudes  range  from 
close  to  the  surface  for  helicopters  up  to  40,000  feet. 
The  sensing  equipment  in  the  buoys  requires  a low 
water  entry  velocity  to  avoid  impact  damage. 

A typical -sonar  buoy  assembly  is  a tubular  con- 
tainer 5-inches  in  diameter  and  36-inches  long.  A two 
stage  parachute  system  is  housed  in  the  rear  of  the 
tubular  structure.  After  drop  from  the  aircraft,  a 
static  line  frees  a spring  loaded  wind  flap  attached  to 
the  rear  cover  and  held  in  position  along  the  outside 
of  the  container.  The  wind  flap  spreads  away  from 
the  container  and  the  resultant  air  drag  moves  cover 
and  attached  wind  flap  to  the  rear.  A line  attached  to 
the  rear  cover  extracts  and  deploys  an  11. 5-inch 
diameter  ribbon  drogue  parachute  of  0.45  ft*  drag 
area.  This  drogue  parachute  stabilizes  the  buoy  and 
decelerates  it  to  a velocity  of  about  190  ft/sec.  A 
combined  altitude  sensor/time  delay  mechanism  dis- 
connects the  drogue  parachute  and  extracts  the  main 
parachute  when  passing  through  the  3000  foot  alti- 
tude level.  For  drops  below  3000  feet,  the  altitude 
sensor  is  blocked  and  the  drogue  is  disconnected  after 
a 2.5  second  time  delay.  The  main  descent  parachute 
with  a drag  area  of  4.2  ft* , decelerates  the  buoy  to  a 
water  entry  velocity  of  CO  ft/sec.  The  volume  requir- 
ed for  the  parachute  recovery  system  is  about  25  cubic 
inches.  At  water  entry  the  main  parachute  may  be 
disconnected  to  avoid  wind  dragging.  A stable  predic- 
table descent  trajectory  is  mandate  ry  in  order  to  place 
the  sonar  buoy  in  a preselected  location168"170  . 

The  US  Navy  organization,  primarily  responsible 
for  the  development  of  sonar  buoy  recovery  systems, 
is  the  Naval  Air  Development  Center,  Air  Vehicle 
Technology  Department,  Warminster,  PA. 


AERIAL  PICKUP 

Aerial  pickup  is  one  of  three  methods  associated 
with  the  retrieval  phase  of  a total  recovery  cycle;  the 
others  of  course,  are  land  and  water  retrieval.  Aerie / 
pickup  is  a means  of  payload  transfer,  either  air-to-air 
called  “Mid-air  Retrieval",  or  surface-to-air  which 
includes  pickup  from  land  and  water.  Items  that  have 
been  retrieved  by  aerial  pickup  include  personnel, 
supplies,  atmospheric  probes,  target  drones,  remotely 
piloted  vehicles  (RPV's)  and  aircraft. 

Air-to-Air  Retrieval  Systems 

Air-to-air  retrieval  involves  a fixed  wing  or  rotary 
wing  aircraft  equipped  with  retrieval  equipment  as 
the  airborne  pickup  vehicle.  Two  primary  aircraft 
pickup  systems  have  evolved,  the  All  American 
"Trapeze”  method  and  the  "Fulton  System". 

The  Trapeze  method  trails  hooks  attached  to  ex- 
tensible poles  and  cables  behind  the  aircraft.  The 
payload  to  be  retrieved,  descends  on  a parachute. 
The  target  for  the  aircraft  retrieval  gear  to  engage,  is 
either  the  main  parachute,  a tube-like  extension  of 
the  main  parachute,  a special  small  parachute  above 
the  main  parachute  (referred  to  as  the  tandem  para- 
chute system),  or  a balloon.  The  pilot  of  the  retrieval 
aircraft  spots  the  parachute  system,  synchronizes  his 
descent  speed  with  that  of  the  payload  and  intercepts 
the  engagement  target  which  slides  between  two  poles 
attached  to  the  rear  of  the  aircraft  and  is  caught  by 
the  hooks  attached  to  the  winch  cables.  The  force  in 
the  cables  disconnects  the  loop  from  the  poles  and 
trails  the  parachute  and  payload  behind  the  aircraft. 
The  winch,  controlled  by  a load-sensing  mechanism, 
reels  the  payload  up  to  the  aircraft  for  boarding  or 
for  tow,  to  the  loading  area. 

The  Fulton  system  uses  a yoke  attached  to  the 
nose  of  the  aircraft1?1  The  pilot  flies  the  yoke  into  a 
cable  connecting  the  payload  and  the  parachute  or 
balloon,  engages  the  cable  and  transfers  the  cable  or 
tow  line  to  the  aircraft  winch  for  boarding  or  tow  to 
the  landing  area.  The  same  yoke  concept  can  be  used 
for  air-to-air  and  surface-to-air  retrieval. 

Both  fixed-wing  aircraft  and  helicopters  are  used 
operationally  for  mid-air  retrieval  with  fixed-wing  air- 
craft having  the  advantage  of  a longer  range  and  high- 
er altitude  operation,  also  payloads  such  as  nose 
cones  and  containers,  can  be  boarded  and  returned 
over  long  distances.  Fixed-wing  aircraft  cannot  recov- 
er vehicles  with  wing  spans  wider  than  the  aircraft 
cargo  door,  i.e.,  aerial  targets  and  RPV’s.  Towing  the 
vehicles  is  impractical  for  stability-in-tow  and  landing 
reasons. 

With  helicopter  mid-air  retrieval,  it  is  possible  to 
recover  large  winged  air  vehicles,  tow  them  to  a suit- 


able landing  area  and  deposit  them  undamaged  in 
landing  cradle.  However,  helicopters  cannot  tc 
large  collapsed  parachutes  due  to  the  air  drag  invol 
ed.  The  different  mid-air  retrieval  methods  (helico 
ters  and  fixed  wing  aircraft.  Trapeze  and  Fulton  sy 
terns)  primarily  use  parachutes  as  payload  descet 
systems. 

Requirements.  Experience  gained  with  the  varioi 
aircraft  and  descent  systems  has  established  requiri 
merits  that  apply  to  ail  systems;  most  important  ar 
the  following: 

The  main  parachute  rate  of  descent  must  be  corn 
patible  with  the  operational  intercept  velocity  fo 
the  particular  aircraft  type  used. 

The  intercept  target  (main  parachute,  parachut 
extension,  engagement  parachute,  balloon  o 
others)  must  be  fully  inflated  arid  stable  in  pitch 
and  yaw. 

Rotation  of  the  main  parachute  must  be  limited  t c 
Vh  degrees  per  second. 

Gliding  or  irregular , side  motions  of  the  engage- 
ment target  should  be  avoided. 

Minimum  weight  and  volume  is  essential  for  all 
engagement  and  load  transmitting  components. 
The  main  parachute  should  collapse  easily  and 
symmetrically  to  facilitate  helicopter  tow,  and 
fixed  wing  aircraft  reel-in. 

Main  Parachute  Rate  of  Descent.  The  JC-130  air- 
craft is  the  most  frequently  used  fixed  wing  retrieval 
aircraft.  A maximum  sink  rate  of  20  fps  at  10,000 
feet  altitude  is  necessary  to  maintain  good  aircraft 
speed  and  control  for  the  intercept  process.  Similarly, 
the  HH-53  and  HH-3  helicopters  can  accommodate  a 
maximum  rate  of  descent  of  25  fps  at  10,000  feet 
altitude.  The  altitude  requirement  is  based  on  inter- 
cept operations  starting  at  ah  altitude  of  10,000  feet 
or  slightly  above;  this  provides  sufficient  time  for 
multiple  engagement  passes. 

Stability  of  Engagement  Target.  The  retrieval  air- 
craft operates  best  if  it  can  maintain  a steady  rate  of 
descent  and  a straight  flight  path.  The  parachute 
system  therefore,  should  not  develop  irregular  move- 
ments. ■ This  is  very  important  for  the  engagement 
parachute  of  tandem  parachute  systems.  These 
engagement  parachutes  operate  in  the  large  wake  of 
the  main  descent  parachute  and  have  a tendency  to 
move  toward  the  periphery  of  the  large  wake  and 
wander  around  in  irregular  motions.  The  use  of 
gliding  systems  that  may  stabilize  main  and  engage- 
ment parachutes  also  has  drawbacks  as  disscussed 
later. 
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Main  Parachute  Rotation.  Rotation  of  single  para- 
chute systems  is  acceptable  as  long  as  it  does  not 
interfere  with  proper  operation  and  disconnect  of  the 
main  parachute  due  to  the  orientation  of  the  engage- 
ment parachute  load  line  which  require  that  the  air- 
craft approach  from  a discrete  direction  17^’ 73 

Gliding  Parachute.  In  an  attempt  to  stabilize  the 
tandem  parachute  system,  tests  have  been  made  with 
gliding  main  parachute  systems  This  forced  the 
engagement  parachute  to  the  rear  of  the  glide  path 
and  provided  a stable  system  that  could  be  approach- 
ed from  the  rear  (the  so-called  six  o'  clock  position) 
for  engagement.  The  problem  with  this  approach  is 
that  gliding  parachutes  have  a tendency  to  turn,  and 
it  is  difficult  to  limit  the  turn  rate  to  iess  than 
degrees  per  second,  the  acceptable  level  for  he'icopter 
intercept.  Approach  from  the  near  of  the  gliding 
parachute  system  proved  to  be  difficult.  The  loitd 
line  between  the  engagement  parachute  and  main 
parachute  became  slack  due  to  the  geometry  of  the 
descending  parachute  system  with  resultant  contact 
between  load  line  and  the  helicopter.  If  the  aircraft 
approached  from  the  front,  and  the  parachute  sys- 
tem turned,  the  aircraft  was  not  aDle  to  follow  the 
flight  path  of  a strongly  turning  parachute  system  in 
the  developing  curved  pursuit,  or  engagement  from 
the  side,  a difficult  maneuver. 

Minimum  Weight  and  Volume.  The  weight  of  re- 
trieval parachutes  is  increased  considerably  due  to  the 
engagement  webbing  system  that  is  ccught  by  the 
hook(s)  of  the  aircraft  and  the  riser  network  that 
guides  the  engagement  and  tow  forces  into  the  pay- 
load.  This  is  especially  true  with  the  tandem  system 
that  requires  a long  load  line  between  engagement 
parachute  and  main  parachute. 

Parachute  Collapse  in  Helicopter  Tow.  The  large 
aerodynamic  drag  and  the  flapping  motions  of  col- 
lapsed or  partially  collapsed  parachutes  in  helicopter 
tow  make  it  impractical  to  tow  parachutes  of  about 
more  than  45  feet  in  diameter  with  the  available 
HH-53  and  HH-3  helicopters.  Certain  parachute 
types  used  as  main  parachutes  have  a tendency  to 
partiaMy  reinflate  in  tow,  depending  upon  how  and 
where  the  parachute  was  engaged  by  the  aircraft  hook. 
These  problems  indicate  the  desirability  of  a system 
where  the  main  descent  parachute  is  either  complete- 
ly collapsed  or  disconnected  after  aircraft  hook  en- 
gagement. 

Mid-air  Retrieval  Aircraft  Systemt.  The  Trapeze 
mid-air  retrieval  system,  Figure  1.34,  consists  of  a 
load  limiting  powered-winch  and  associated  load  sens- 


ing and  control  equipment,  the  pickup  poles  with 
mounting  arrangement,  the  pickup  cables  with  en- 
gagement hooks  and  fairings  and  guides  for  leading 
the  winch  cables.  Retrieval  gear  also  includes  fixtures 
to  assist  in  boarding  nose  cones,  instrumented  con- 
tainers and  similar  equipment. 
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The  model  80-H  winch  used  in  the  HH-53  and 
HH-3175  helicopters  has  a rated  capacity  of  4000  lbs 
with  a 50  percent  overload  capability.  The  best  heli- 
copter engagement  speed  is  approximately  50  to  60 
knots.  The  load  control  system  limits  pickup  loads  to 
between  VA  and  2 g's  by  paying  out  the  pickup  cable 
immediately  after  engagement  and  reeling  the  cable  in 
as  soon  as  3 steady  pul!  condition  is  obtained. 

The  JC-13C  aircraft  arrangement.  Figure  1.35,  is 
similar,  but  it  uses  the  model  90  winch  with  a capacity 
of  3000  lbs.  Engagement  loads  are  limited  to  between 
3 and  6 g's  depending  upon  payload  weight  and  load 
setting  of  the  winch  control  system.  The  poles  extend 
28  feet  outside  the  aircraft,  are  spread  20  feet  at  the 
end  and  extend  downward  43  degrees  and  outward  1 1 
degrees.  The  cables  are  nylon  ropes  with  six  hooks 
attached,  four  at  the  poles  and  two  in  the  span  be- 
tween the  poles.  Pay-out  of  the  cables  after  engage- 
ment may  extend  to  250  feet  depending  upon  pay- 
load  weight,  engagement  speed  and  winch  load  set- 
ting. 

The  Fulton  mid-air  retrieval  system  uses  a yoke 
attached  to  the  nose  of  the  retrieval  aircraft.  Arms  of 
the  yoke  are  approximately  10  feet  long  and  spread 
60  to  90  degrees  apart.  The  pilot  flies  the  yoke  into 
the  Cable  between  parachute  or  balloon  and  payload. 
A clamping  device  at  the  connection  between  yoke 
and  the  nose  of  the  aircraft  snatches  the  cable.  The 
cable  trails  back,  is  hooked  by  the  crew  of  the  aircraft 
and  transferred  to  the  aircraft  winch  for  boarding  or 
tow.  This  system  has  been  used  successfully  for 
weights  up  to  approximately  400  pounds.  The  bal- 
loon or  parachute  is  destroyed  upon  contact.  This 
system  is  in  operation  today  for  the  retrieval  of 
personnel  and  equipment  with  fixed-wing  aircraft  but 
it  is  not  suitable  for  helicopter  retrieval.. 

Single  Parachute  System.  This  early  system  was 
developed  in  the  late  fifties  and  used  in  August  1960 
to  recover  the  Discoverer  satellite  capsule176  in  the 
first  successful  mid-air  retrieval.  The  single  descent 
and  engagement  parachute  is  of  a standard,  stable 
ringslot  parachute  design.  The  canopy  is  reinforced 
with  lateral  and  radial  webbings  and  load  lines.  Load 
lines  replace  some  of  the  suspension  lines  and  extend 
to  the  connection  with  the  payload.  The  retrieval  air- 
craft engages  the  canopy  with  its  hook-cable  system 
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catching  some  of  the  lateral  and  radial  load  lines. 
Engagement  collapses  the  canopy  and  starts  towing 
the  payload.  Reel-out  and  reel-in  of  the  cable  with 
the  attached  payload  is  controlled  by  the  load  limit- 
ing winch.  Payloads  that  can  be  recovered  with  this 
parachute  system  are  limited  in  the  size  of  the  para- 
chute canopy  that  the  pole-hook  system  can  engage 
without  sliding  off,  and  in  the  size  of  the  collapsed 
parachute  that  a helicopter  can  tow. 

The  largest  single  parachute  in  use,  and  probably 
the  present  limit,  is  the  45.5  ft  diameter  ringslot  para- 
chute used  for  helicopter  mid-air  retrieval  of  the 
HAST  (High  Altitude  Supersonic  Target)  3' 177  . The 
455  ft  diameter  parachute  is  of  conical  ringslot  design 
with  36  gores  and  suspension  lines  of  400  lbs  strength. 
Two  laterals  around  the  canopy  and  two  radial  tape- 
suspension  line  loops  of  2000  lbs  strength  form  the 
engagement  network.  The  total  weight  of  main  para- 
chute is  29  lbs. 


With  highly  trained  pilots,  the  single  parachute 
system  has  produced  a better  than  95  percent  recov- 
ery rate.  The  different  payload  weights  for  the  same 
parachute  size  in  Table  1 . 1 7 are  due  to  the  difference 
in  required  rate  of  descent  for  fixed  wing  aircraft  and 
helicopter  mid-air  re,rieval. 

Parachute  with  Conical  Extension.  This  parachute 
concept  as  shown  in  Figure  1.36  is  still  a single  para- 
chute but  uses  a conical  extension  on  top  of  the  cano- 
py as  the  engagement  target  for  the  aircraft  retrieval 
hooks.  The  extension  overcomes  the  canopy  diame- 
ter limitation  for  engagement  by  fixed  wing  aircraft, 
but  the  parachute  size  is  still  limited  for  helicopter 
tow.  Parachutes  of  this  type  have  been  successfully 
tested  and  retrieved  with  the  JC-130  aircraft  with 
parachutes  ranging  from  approximately  40  to  70  feet 
in  diameter  and  payload  vyeights  approaching  2000 
lbs 178  All  parachutes  have  the  same  size  conical 
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TABLE  1.17  COMPARISON  OF  MID-AIR  RETRIEVAL  PARACHUTE  SYSTEMS 


Parachute  . 
System 

Configuration 

• • 

Payload  Capability 

Helicopter  Fixed  Wing 

Operational 

Systems 

Comments 

■ Single 
Parachute 

T . 

~650  lbs 

~500  lbs 

Discoverer 

Biosatellite 

HAST 

Parachute  diameter  lim- 
ited by  permissible  tar- 
get size.  Stable,  very 
reliable. 

Extended 

Skirt 

Parachute  with 
Conical 
Extension 

■?; 

~650  lbs 

>2000  lbs 

Atmospheric 

Probes 

Parachute  diameter  for 
helicopter  pickup  limit- 
ed to~45feet.  Cone  re- 
quires careful  attention. 

Tandem  , 
Parachute 
System 

f 

>4000  lbs 

>4000  lbs 

BQM  34F 
AQM  34V  ’ 
BGM34C 

Stability  (wandering)  of 
engagement  parachute 
and  rotation  of  main 
parachute  can  cause 
problems. 

Annular 

Parachute 

System 

§ 

>4000  lbs 

>4000  lbs 

Tested 

In  development 

Balloon 

Parachute 

System 

f 

~300  lbs 

~300  lbs 

Tested 

Developed  but  not  in 
service. 

# * Engagement  target  X 

63 


Figure  1.36  Extended  Skirt  Parachute  With 
Conicc!  Extension 


extension;  15  feet  high  with  a base  diameter  of  12 
feet  and  a top  diameter  of  10  feet.  Slots  are  provided 
in  the  cone  for  proper  inflation.  During  mid-air 
retrieval  the  engagement  gear  of  the  aircraft  hooks 
into  a lateral  and  redial  webbing  network  in  the  coni- 
cal extension  which  guides  the  loads  over  a central 
vent  point  into  several  reinforced  suspension  lines  and 
resultant  uniform  collapse  of  the  main  parachute 
canopy.  A typical  parachute  is  the  53  ft  diameter 
model  used  for  the  mid-air  retrieval  of  an  atmospheric 
probe"’®.  The  parachute  is  a fully  extended  skirt 
parachute  with  the  standard  conical  extension,  and 
fifty-six  suspension  lines.  Fifty-two  lines  are  of  400 
lbs  strength  and  four  lines  are  of  6000  lbs  strength; 
the  latter  serve  as  load  lines  for  transmitting  the 
engagement  l.ads  into  the  payload.  The  weight  of 
the  parachute  is  42  lbs.  The  parachute  is  reefed  for  4 
seconds  and  opened  at  an  altitude  of  45,000  feet.. 
Opening  the  parachute  at  this  altitude  gives  the  JC- 
130  -etrieva!  aircraft  sufficient  time  to  locate  end 
.approach  the  parachute  and  to  start  its  midair  retriev- 
al passes  at  10,000  to  1 5,000  feet. 

fc 

f The  Tandem  Parachute  System.  The  inability  of 
helicopters  to  tow  large  deflated  parachutes  for  pay- 
loads  above  500  to  700  lbs  led  to  the  development  of 
the  tandem  parachute  system.  A main  parachute  pro- 
vides the  required  rate  of  descent,  and  a small  para- 
chute attached  with  a load  line  above  the  main  para- 


chute serves  as  an  engagement  parachute.  The  load 
line  connects  to  the  vent  of  the  main  parachute,  runs 
along  the  outside  of  the  parachute  canopy  and  down 
.the  suspension  lines  to  the  connection  point  withthe 
payload.  When  the  retrieval  aircraft  engages  the  tar- 
get parachute  and  puts  force  in  the  load  line,  the 
main  parachute  disconnects  from  the  load  line  at  the 
vent  and  at  the  payload' and  falls  free.  The  engage- 
ment parachute  and  load  line  are  reeled  aboard  the 
aircraft  and  the  payload  or  vehicle  is  towed  behind 
the  helicopter  to  the  landing  area.  This  system  is 
used  for  the  helicopter  mid-air  retrieval  of  target 
drones  and  RPV's  as  shown  in  Figure  1 .37.  The  recov- 
ery weight  is  limited  currently  by  the  capability  of' 
the  available  model  80  winch  which  is  rated  at  4000 
pounds. 

The  tandem  system  has  stability  problems  with  the 
engagement  parachute.  The  large  wake  behind  the 
main  parachute  requires  the  distance1  between  the 
leading  edge  of  the  engagement  parachute  and  the 
main  parachute  crown  to  be  three  to  four  times  that 
of  the  inflated  diameter  of  the  main  parachute  with  a 


Figure  1.37  BQM  - 34  F ( Supersonic  Target) 
Midair  Retrieval  in  Progress , 


resultant  long  and  heavy  load  line.  Even  at  this  dis- 
tance, the  engagement  parachute  will  stay  at  the  out- 
side edge  of  the  wake  and  may  rotate  around  the 
wake  or  penetrate  it  in  irregular  motions  which  fre- 
quently interfere  with  proper  engagement  by  the 
retrieval  aircraft.  The  (oration  of  the  load  line  along 
one  radial  of  the  main  canopy  requires  that  the  air- 
craft approach  from  exactly  the  opposite  direction  to 
assure  disconnect  of  the  load  line  without  damage  to 
the  reusable  main  parachute.  This  is  referred  to  as 
the  loao  line  being  located  at  the  12  o'clock  position, 
the  approach  being  made  from  the  six  o'clock  posi- 
tion. If  the  main  parachute  rotates,  the  helicopter 
must  follow  to  assure  approach  from  the  six  o'clock 
direction  for  proper  load  line  disconnect.  The  long 
load  line  also  is  subject  to  ship-like  motions  which 
start  at  the  vent  of  the  main  parachute,  and  are  then 
augmented  in  the  load  line  and  transferred  to  the 
engagement  parachute  causing  inflation  instability. 
Several  programs  were  undertaken  by  USAF/ASD  to 
investigate  and  improve  the  performance  of  the  two 
primary  systems  now  in  use.  the  79  6 ft  diameter 
tandem  parachute  system  used  for  the  BQM-34F 

Drogue  Chute  Engagement 


Load  Line.  10,000  lb~.  j ■ 


Figure  1.38  100  Ft.  Tandem  Engagement  Parachute 
(GR- 14)  for  AQM-34V 


supersonic  target  drone  and  the  100  ft  diameter  para- 
chute system  used  for  both  the  AQM-34  and  BQM-34 
RPV's?80'182  Figure  1.38  shows  the  arrangement 
and  dimensions  of  the  100  ft  diameter  GR-14  tandem 
parachute  system  used  for  the  AQM-34V  RPV. 

The  annular  tandem  parachute  system,  as  shown  in 
Figure  1.39  was  developed  in  the  mid-sixties.  It  con- 
sists of  an  annular  main  parachute  and  a ringsail 
engagement  parachute  closely  coupled  to  the  crown 
of  the  main  parachute.  The  large  vent  of  the  main 
parachute  results  in  good  airflow  behind  the  center  of 
the  parachute  and  good  inflation  and  stable  flight  of 
the  engagement  parachute.  Two  other  advantages, 
' when  compared  to  the  extended  skirt  with  conical 
extension  and  the  tandem  parachute,  are  the  high 
drag  coefficient  of  the  annular  parachute  and  the 
short  load  lines  of  the  engagement  parachute.  Both 
characteristics  contribute  to  a low  system  weight. 
This  parachute  system  has  been  tested  with  weights 
up  to  2000  lbs  using  a 64  ft  diameter  parachute 
• retrieved  by  a JC-130  aircraft183, 184 


Tigure  1.39  64  Ft.  Diameter  Annular  Tandem 
Parachute  with  2000  Test  Vehicle 
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Other  Mid-air  Retrieval  Concepts.  Both  the  US 
Air  Force  and  Navy  have  investigated  concepts  for 
mid-air  retrieval  of  aircrews  that  escaped  from  dis- 
abled aircraft.  The  idea  was  to  keep  the  crew  mem- 
ber on  his  parachute  in  the  air  until  a retrieval  aircraft 
arrived,  or  jse  one  aircraft  of  a flight  of  fighters  as  a 
rescue  ai*  craft. 

The  Air  Force  PARD  system  (Pilot  Airborne  Re- 
covery Device)  concept  utilizes  a hot  air  balloon  which 
inflates  after  the  personnel  parachute  is  opened  and 
keeps  the  pilot  in  the  air  for  sixty  minutes  until  a res- 
cue aircraft  arrived.  The  pilot  is  reeled  into  the  air- 
craft or  towed  to  friendly  territory,  released  and 
allowed  to  descent  on  his  own. 

The  Navy  investigated  the  so-called  "Buddy  Sys- 
tem" where  each  fighter  group  would  contain  one 
fighter  aircraft  equipped  tfi,  rescue  bailed-out  airmen. 
Two  concepts  were  ' investigated.  The  "PORT-1" 
concept  equipped  the  rescue  fighter  with  a canard 
paravane  towed  on  a steel  cable  offset  and  behind  the 
aircraft.  The  personnel  parachute  of  the  bailed  pilot 
would  trail  a small  parachute  behind  the  main  para- 
chute similar  to  the  mid-air  retrieval  tandem  para- 
chute system.  The  paravane  would  intercept  the 
cable  between  pilot  chute  and  main  parachute,  tow 
the  pilot  to  friendly  territory,  release  the  cable  and 
the  pilot  would  descend  on  his  reinflated  personnel 
parachute.  The  second  concept,  "PORT-II"  (also 
called  “The  Wind  Fending  Line  Engagement  System") 
used  the  Fulton  concept  with  the  nose  yoke,  but  in 
addition,  ran  cables  from  the  nose  of  the  aircraft  to 
both  wing  tips  and  had  an  engagement  unit  on  each 
wing  tip  for  catching  and  engaging  the  line  between 
pilot  chute  and  personnel  parachute.  Both  systems 
were  investigated  and  tested1  7 L186'18*. 

Surface-to-Air  Pickup 

Land-to-air  and  water-to-air  retrieval  are  not 
recovery  systems  that  use  aerodynamic  decelerators 
as  the  primary  means  of  retrieval,  the  principal  sub- 
ject of  this  handbook.  However,  surface-to-air  re- 
trieval systems  are  normally  handled  by  the  same 
companies  and  government  organizations'  that  handle 
recovery  systems.  It  appears  therefore  appropriate  to 
provide  notes  and  references  -for  those  interested  in 
this  type  of  retrieval. 

Systems  for  the  retrieval  of  reentry  nose  cones, 
probes,  samples  from  aboard  ship  and  from  the  water, 
have  been  developed  for  quick  return  to  the  laoora- 
tory.  One  typical  system  developed  for  water-to-air 
retrieval  of  the  Bio-satellite  capsule,  in  the  event  mid- 
air retrieval  should  not  be  successful,  incorporated  a 
balloon  attached  by  cable  to  the  floating  capsule  and 
,an  aircraft  equipped  with  the  Trapeze  cabie-hook 
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system  for  retrieval  . A complete  unmanned  water- 
to-air  retrieval  system  was  developed  in  the  early 
sixties1®8. 

A "Long-Line"  retrieval  system  concept  was  ex- 
tensively investigated  by  the  USAF.  It  consists  of  a 
fixed-wing  aircraft  trailing  a long  cable.  The  aircraft 
starts  circling,  and  by  proper  circling  techniques, 
speed  and  cable  length,  a condition  is  reached  where 
the  end  of  the  cable  will  hover  stationary  over  a loca- 
tion on  the  ground.  The  technique  was  a means  to 
deliver  cargo  to  waiting  persons  on  the  ground  and  to 
pickup  cargo  in  return*89*191.  This  method  is  being 
used  successfully  to  supply  and  to  keep  contact  with 
jqngle  outposts  using  small  commercial  aircraft. 


SPECIAL  USES 

This  section  covers  those  uses  of  aerodynamic 
decelerators  that  cannot  be  identified  easily  as  repre- 
sentative of  the  previous  described  applications. 
Special  uses  include  the  deceleration  of  surface  vehi- 
cles (racing  cars  and  speed  boats),  parachute  sport 
jumping,  airdrop  of  forest  fire  fighters,  aerial  drop  of 
oil  spill  containment  equipment,  the  well  publicized 
airdrop  and  retardation  of  a Minuteman  ballistic  mis- 
sile, balloon  related  recovery  systems  and  the  employ- 
ment of  aerodynamic  decelerators  as  underwater 
braking  devices.  There  are,  most  likely,  other  special 
examples;  however,  unless  the  recovery  concept  has 
a potential  for  general  application  of  aerodynamic 
decelerators,  it  has  not  been  included. 

Deceleration  of  Surface  Vehicles 

The  use  of  parachutes  for  stopping  high  accelera- 
tion racing  automobiles  (dragsters)  after  the  end  of  a 
high  speed  run  ;s  a familiar  sight  on  television.  This 
application  of  a decelera'tor  is  similar  to  the  landing 
deceleration  of  aircraft.  When  the  need  for  stopping 
dragsters  was  first  apparent,  it  was  a natural  course  to 
use  aircraft  deceleratiqn  type  ribbon  and  ringslot 
parachutes,  either  new  or  military  surplus.  When  the 
supply  of  surplus  parachutes  ran  out,  dragster  owners 
looked  for  a lower  cost  replacement  of  equal  drag  and 
stability.  This  was  found  in  the  Cross  parachute 
which  is  used  today  in  several  variations  for  dragster 
and  speedboat  deceleration.  Parachutes  utilized  for 
dragster  deceleration  are  designed  to  meet  the  follow- 
ing requirements: 

Dragster  weight  (lbs)  .1500  to  3500 

Deployment  velocity  (mph)  150  tc  300 

Required  deceleration  distance  = 1 /4  mile 
Max.  allowable  deceleration  (g’s)  5 to  10 


The  parachutes  are  generally  stowed  in  a bag  simi- 
lar to  chest  packs  for  personnel  parachutes  and  closed 
with  a cone  and  pin.  A pull  of  a ripcord  cable  attach- 
ed to  a lever  in  the  dragster  cockpit  deploys  the  para- 
chute. A coil  spring  pilot  chute  stowed  at  the  top  of 
the  pack  is  ejected  into  the  airstream  to  deploy  the 
main,  parachute.  Frequently,  two  main  parachutes 
are  used  for  safety  reasons.  Cross  parachutes  with 
nominal  diameters  of  8 to  10  feet  are  used.  The  para- 
chute weighs  3 to  5 pounds  and  the  total  assembly 
weight  is  approximately  5 to  8 pounds. 

Land  and  water  speed  record  vehicles  have  used 
parachutes  to  decelerate  the  vehicle  at  the  end  of  the 
speed  run,  or  for  emergencies  if  the  vehicle  became 
unstable.  ‘In  several  record  trials  at  the  Bonneville 
Salt  Flats,  high  speed  racers,  out  of  control,  were 
stabilized  and  disaster  avoided  by  timely  deployment 
of  the  recovery/stabilization  parachute.  With  the 
vehicle  in  a sideways  or  semi-sideways  position,  the 
vehicles  were  found  to  oscillate  in  a horizontal  plane 
when  the  parachute  was  first  deployed,  a motion  that 
dampened  out  quickly.  Flowever.  the  deployed  para- 
chute prevented  sideways  roll  or  end-over-end  motion 
of  the  vehicle.  These  parachutes  used  at  speeds  up  to 
600  miles  per  hour,  are  generally  ribbon  parachutes, 
drogue  gun  or  mortar  deployed. 

Emergency  recovery  parachutes  are  also  in  use  for 
racing  boats,  either  to  stabilize  the  total  boat,  similar 
to  racing  cars,  or  to  recover  the  speedboat  pilot  only. 
In  case  of  an  emergency,  the  pilot  deploys  his  person- 
nel parachute  and  is  pulled  free  and  away  from  the 
out-of-control  racer. 

Sport  Parachutes 

Competitive  parachuting,  as  introduced  in  the 
United  States  in  1926  by  professional  parachutist  Joe 
Crane,  was  confined  solely  to  "spot-landing"  contests. 
The  winner  was  the  parachutist  who  landed  closest  to 
the  center  of  circle  marked  on  the  airfield.  Thus  was 
born  the  desire  for  a parachute  whose  motion  in  the 
air  and  drift  over  the  ground  could  be  controlled. 
The  only  means  of  directional  control  for  the  jumper 
during  those  days  was  by  riser  manipulation.  The 
parachutist,  by  riser  pull,  deformed  the  canopy  in 
such  a way  that  deflected  airflow  would  impart  some 
horizontal  "glide"  to  the  parachute.  By  pulling  the 
risers  still  further,  the  parachutist  could  increase  his 
rate  of  descent  significantly. 

Initial  Attempt*  at  StaarabHity.  Patent  files  con- 
tain many  early  ideas  for  making  parachutes  steerable, 
but  the  first  reliable  and  widely  used  steerable  para- 
chute design  was  the  Hoffman  Triangle  Parachute 
introduced  in  1929.  Horizontal  motion  was  achieved 


by  air  flowing  out  one  corner  of  the  triangular  shaped 
canopy  which  was  cut  straight  across  without  any 
suspension  lines. 

New  impetus  for  the  design  of  steerable  parachutes 
came  from  an  initial  investigation  in  1939  by  the  US 
Forest  Service  in  parachuting  firefighters  into  wooded 
areas.  In  this  project,  the  steerable  Eagle  parachute 
was  used.  The  parachute  assembly  supplied  by  the 
Eagle  Parachute  Company  consisted  of  a 30  ft  diam- 
eter main  parachute  carried  on  the  back,  and  a chest 
pack  reserve  parachute,  which  was  27  feet  in  diame- 
ter, both  manually  ripcord  operated.  Both  para- 
chutes had  design  features  which  made  them  maneu- 
verable. 

The  canopy  was  a flat  circular  design.  However, 
two  cloth  extensions  were  incorporated  into  the  skirt, 
each  projected  at  45°  angles  rearward.  The  suspen- 
sion line  system  for  the  canopy  was  provided  with 
short,  secondary  lines.  Attached  at  some  distance 
above  the  skirt,  and  of  such  length  that  when  the 
canopy  was  inflated,  the  upper  portion  assumed  a 
spherical  shape,  and  the  lower  portion  assumed  a 
semi-lobed  configuration.  The  two  rearward  facing 
extension  lobes  directed, the  airflow  which  imparted  a 
forward  glide  to  the  parachute.  Control  lines  leading 
from  the  extensions  to  the  rear  riser?  allowed  the 
smoke-jumper  to  "close"  the  lobed  extensions,  thus 
causing  the  parachute  to  turn.  The  parachute  had  a 
forward  glide  of  5 to  8 miles  per  hour. 

A blank  gore  parachute  developed  in  England  in 
the  late  1950's,  received  wide  acceptance  through- 
out Europe  for  its  reliability  and  steerability.  In 
1956,  this  parachute  design  was  introduced  by 
Jacques  Istel  to  the  new,  fast-growing  sport  of  para- 
chuting in  the  United  States.  This  was  followed  by  a 
period  of  numerous  modifications  to  the  standard, 
readily  available  C-9  parachute  with  variations  of 
holes  and  "cuts"  extending  across  from  three  to  seven 
gores. 

Demand  for  higher  performing  sport  parachutes 
was  met  in  1964  when  the  Para-Commander  assembly 
was  put  on  the  market.  This  parachute,  based  on  a 
parachute  concept  of  Pierre  LeMoigne  of  France, 
soon  proved  to  outclass  other  sport  parachute  designs. 

High  Parformanea  Sport  Parachutat  The  intro- 
duction of  the  Parawing  as  a sport  jumping  parachute 
in  1968  may  be  considered  the  beginning  of  high  per- 
formance gliding  parachute  usage.  This  parachute, 
based  on  original  concepts  of  Francis  Rogallo,  per- 
mitted sport  ‘ parachutists  to  make  a "dead-center" 
landing  at  parachuting  meets.  Since  that  time  how- 
ever, the  overwhelming  popularity  of  the  so-called 
"squares"  has  placed  them  in  the  leading  position  for 
soort  parachuting  because  of  their  high  glide  ratio. 
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rapid  turn  rates,  and  minimal  weiyht  and  volume. 
Sqbare  parachutes  are  based  on  pioneering  work  of 
Domina  C Jalbert,  wno  recognized  the  advantages  of 
a ram-air,  winged  airfoil  configuration.  This  led  to  a 
design  popularly  known  as  the  "Parafoil".  Variations 
of  the  Parafoil  399  , presently  in  wide  use.  are  the 
Strato-Cloud,  Para-Plane  479 and  the  Viking.  A related 
design  is  the  Volplane  402  . Regulations  controlling 
sport  jumping  and  techniques  and  equipment  are 
found  in  Reference  196. 

Smoke-Jumping 

Interest  by  the  US  Forest  Service  for  utilizing 
aviation  to  combat  forest  fires  dates  back  to  1 9 1 9 1 9 7. 
This  early  recognition  that  aviation  could  help  in 
managing  and  protecting  forest  lands,  led  to  the 
organization  of  a forest  fire  patrol  along  California's 
Sierra  Madre  Mountain  Range. 

In  1939.  it  was  demonstrated  that  the  parachute 
could  serve  as  an  adiunct  to  the  airplane  to  transport 
and  deliver  firefighters  to  burning  timber  zones. 

Firefighting  Parachute  Types.  Making  premedita- 
ted parachute  jumps  into  rocky  and  wooded  terrain 
indicated  the  need  for  parachutes  that  had  a low  rate 
of  descent  and  were  maneuverable  to  a suitable 
degree. 

The  initial  maneuverable  parachute  desig  > utilized 
by  the  US  Forest  Service  was  the  Eagle  described  in 
the  preceding  section.  The  parachute  currently  being 
utilized,  is  designated  the  Model  FS-10. 


The  FS-10  parachute  uses  a 7-gore  "TU"  modifica- 
tion described  and  illustrated  in  Fig.  2.6.  Other 
standard  T-10  parachute  components  used  in  the 
FS-10  parachute 'assembly  are  the  pac<  assembly, 
deployment  bag.  pack  waistband  extension,  and  the 
standard  24  ft  diameter  chest  reserve  pack  assembly. 
In  order  to  meet  the  specific  demands  of  smoke- 
jumping. the  FS-10  uses  the  Forest  Service  designed 
riser  assembly,  harness  assembly  (Model  H-4),  ancil- 
lary protective  back  pad.  and  modified  extensions  to 
the  waistband.  The  standard  T-10  pack  assembly  is 
modified  by  the  addition  of  riser  tack  tabs  to  its  tray. 
A two-color  scheme  is  used  on  the  canopy.  The  para- 
chute can  achieve  a 180°  turn  in  4.5  seconds  and  a 
forward  speed  of  14  fps.  Figure  1.40  shows  a smoke- 
jumper's  full  equipment,  including  a FS-10  parachute. 

Present  Smoke-Jumping  Parachute  Criteria.  In- 
creasing jumper  equipment  weight  indicates  the  need 
for  a larger  canopy  than  the  present  35  ft  diameter 
basic  T-10  (MC-1-1B)  parachute.  The  present  FS-10 
parachute  weight  of  34  pounds  combined  with 
approximately  41  pounds  jump  gear  weight  (suit.  heF 
met,  let-down  line,  etc.)  and  personal  gear,  results  in 
an  equipment- for-jump  weight  of  75  pounds,  most  of 
which  will  be  "pack-out”  weight  at  the  end  of  an 
operation. 

The  following  Forest  Service  criteria  for  a para- 
chute beyond  the  FS-10  to  be  used  in  smoke-jumping 
operations  are  based  on  a 230  pound  load  at  sea  level 
undet  standard  atmosphere  conditions: 
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1.  Maximum  rate  of  descent  during  "hands  off" 
control  to  be  14  to  16  feet  per  second 

2.  Maximum  forward  speed  of  20  feet  per  sec- 
ond with  braking.  Braking  not  to  increase  the 
rate  of  descent  to  more  than  17  feet  per  sec- 
ond. Minimum  forward  speed  of  14  feet  per 
second. 

3.  Maximum  oscillation  during  "hands  off"  flight 
of  4°.  Canopy  stability  during  maneuvering, 
"damping"  equal  to  FS-10. 

4.  Maximum  opening  shock,  equal  to  FS-10, 
±25%. 

5.  Turn  rate  shall  be  9 seconds  or  less  for  a 360° 
revolution. 

6.  Maximum  deployment  speed  of  150  miles  per 
hour. 

7.  Minimum  jumper  exit  altitude  of  1000  feet 
aboveground  level  (AGL). 

8.  Conventional  single-stage  static  line  and  D-bag 
deployment.  Fven  skirt,  circular  tanopy  such 
as  T-10.  although  not  restricted  to  extended 
skirt  gore  shape  Maximum  opening  time, 
from. exit  to  parachute  fully  open,  not  to  ex- 
ceed FS-10;  compatible  with  manual  reserve 
deployment. 

9.  Performance  and  deployment  reliability  should 
approach  that  of  FS-10. 

1C.  Two-color  canopy  scheme  to  give  good  visibil- 
ity against  timbered  background,  and  to  show 
canopy  front  and  rear  direction. 

1 1 . Complete  system  "pack-out"  weight  not  to 
exceed  FS-10,  light  as  possible  desirable 

12  Maximum  parachute  assembly  cost.  $1000. 

Miscellaneous  Systems 

Many  interesting  and  technically  advanced  para- 
chute systems  have  been  developed  which  evolve 
from  typical  base  applications,  but  extend  'he  funda- 
mental techniques  into  new  useful  areas  to  satisfy  a 
special  need.  Several  such  systems  have  started  with 
the  equipment  and  background  experience  obtained 
in  aerial  delivery  of  supplies  and  equipment. 

Airdrop  of  Oil  Spill  Containment  Barrier.  The  US 
Coast  Guard  is  charged  with  the  responsibility  for 
containment  and  removal  of  oil  spills  in  coastal  and 
high  sea  waters.  One  of  the  systems  developed  con- 
sists of  a line  of  four  feet  high,  elastomer  coated, 
rylon  curtains  supported  by  vertical  struts  and  flota- 
tion devices.  This  curtain  is  strung  in  the  water  to 
encircle  the  oil  spill  and  prevent  further  spreading. 
At  the  request  of  the  Coast  Guard,  the  USAF  651 1th 


Tes*  Squadron  at  the  National  Parachute  Test  Range, 
El  Centro,  California,  in  cooperation  with  a parachute 
company  and  a platform  development  company, 
developed  a system  for  dropping  these  oil  contain- 
ment barriers1'®'19®.  The  curtains  are  packed  in  drop- 
able  containers  that  are  tailored  to  the  dimensions  of 
a C-130  aircraft  cargo  compartment  Each  container 
holds  612  running  feet  of  the  containment  curtain. 
Severe!  unique  devices  and  special  procedures  had.  to 
be  developed  to  meet  aerial  drop,  flight  safety  and 
flotation  requirements  of  the  barrier  drop.  The  basic 
concept  follows  the  standard  aerial  delivery  proce- 
dures used  by  the  US  Army  and  Air  Force  for  airdrop 

of  supplies.  Special  features  include  a redesigri  load 
transfer  system  for  switching  the  extraction  para- 
chute to  its  function  as  pilot  chute  for  deploying  the 
100  ft  diameter  G-11A  main  descent  parachutes. 
Also,  platform  to  aircraft  tiedowns  and  disconnect 
fittings  had  to  be  redesigned  to  accommodate  the 
large  dimension  barrier  curtain  box.  A special  discon- 
nect was  designed  to  ensure  non-interference  of  the 
parachute  with  the  oil  containment  curtains  after 
water  impact.  This  project  is  a good  example  of  how 
an  existing  system  can  be  modified  to  meet  a specific 
requirement. 

Airdrop  of  Flotable  Rubber  OH  Tanks.  The  Coast 
Guard  oil  spill  containment  effort  includes  the  use  of 
large,  bladder  type,  flexible,  flotable  oil  tanks  that 
store  up  to  140,000  gallons  of  fluid.  These  oil  tanks 
are  placed  next  to  the  stricken  tankfers  or  at  the 
periphery  of  oil  spills.  Oil  in  the  tanker  or  spilled  oil 
can  then  be  pumped  into  these  rubber  tanks  and 
removed.  The  development  of  a system  for  aer'al 
delivery  and  airdrop  of  these  large  tanks  at  the  scene 
of  a disaster  is  described  in  Reference  578. 

Airdrop/Airlaunch  of  a Ballistic  Missile.  The  Air 
Force,  in  1974,  demonstrated  the  feasibility  of  ex- 
tracting and  parachute  stabilizing,  a Minuteman  I 
intercontinental  ballistic  missile  from  a C-5A  aircraft 
followed  by  subsequent  air  launch.  The  Air  Force 
had  previously  demonstrated  the  airdrop  of  a single 
40,000  lb  platform  from  the  C-5A  cargo  aircraft  and 
the  C-5A'svcapability  to  airdrop  160,000  lbs  in  a 
sequential  multiple  load  7S.  Feasibility  of  air- 
dropping single  platform  loads  of  70,000  lbs  was 
established  by  computer  simulation.  Several  methods 
for  air  launching  a Minuteman  missile  from  a C-5A 
cargo  aircraft  were  studied  including  vertical  launch 
tubes,  forward  and  aft  gravity  launch  bays  and  several 
other  approaches.  The  method  selected  for  demon- 
stration operates  in  sequences  as  follows:' 

a.  Platform  extraction  through  the  aircraft  aft 


door  of  a cradle  mounted  platform  restrained 
missile. 

b.  Removal  of  missile  restraint  following  clear- 
ance ‘rom  the  aircraft  which  allowed  the  con- 
stant extraction  force  application  to  the  plat- 
form to  separate  the  cradle/platform  assembly 
from  the  missile  and  deploy  three  each,  32  ft 
diameter  ribbon  stabilization  parachutes. 

c.  Stabilized  descent  of  missile  prior  to  launch. 

It  was  determined  that  this  method,  previously  devel- 
oped by  the  6511th  Test  Squadron  for  air  launch  of 
bomb  type  vehicles  from  cargo  aircraft,  required  the 
minimum  aircraft  modification  and  used  a large 
amount  of  existing  equipment  and  proven  aircraft 
drop  procedures.  It  was  also  the  safest  and  most  cost 
effective  approach 

The  development  and  test  program  demonstrated 
the  feasibility  of  extracting  an  86,000  lb  missile/ 
cradle  system  separating  the  cradle/platform  from  the 
missile  and  stabilizing  the  missile  prior  to  launch. 
Basic  aspects  of  the  program  that  required  careful 
analysis  and  tests  were  the  aircraft  installation  and 
the  aircraft  control  response  to  the  extensive  shift  in 
center  of  gravity  during  missile  extraction.  Installa- 
tion considerations  included  the  procedures  for  air- 
craft loading  and  vehicle  tiedown,  crew  training, 
extraction  of  the  modified  missile/cradle  platform 
with  proven  parachute  extraction  procedures  and  the 
various  connect/disconnect  functions  required  for 
restraining  the  cradle  in  the  aircraft.  Deployment 
considerations  included  retention  of  the  extraction 
system  to  the  platform,  the  separation  of  the  cradle/ 
platform  from  the  missile  and  the  deployment  of  the 
missile  stabilization  parachute  system.  The  following 
missile/cradle  extraction  and  stabilization  parachute 
deployment  sequence  was  used. 

Upon  drop  command,  two  32-ft  diameter  ribbon 
extraction  parachutes  were  deployed  by  the  stand- 
ard extraction  parachute  ejection  system.  These 
parachutes  were  attached  with  a 170-ft  extraction 
riset  to  the  cradle/platform. 

When  the  parachute  load  reached  a predetermined 
level,  the  platform/cradle  was  disconnected  from 
the  aircraft  restraint  rails  and  extracted  through 
the  aft  cargo  doors.  The  extraction  force  for  the 

86.000  lb  missile/cradle  system  was  approximately 

60.000  pounds. 

Four  seconds  after  the  missile/cradle  left  the  air- 
craft, circumferential  straps  that  connected  the 
missile  to  the  cradle  were  pyro-disconnected.  The 
extraction  parachutes  retarded  the  cradle,  the  mis- 
sile fell  free. 

Separation  of  the  missile  from  the  cradle  deployed 
three  32-ft  ribbon  stabilization  parachutes  stowed 


on  the  cradle  and  attached,  to  the  missile.  These 
parachutes  after  opening,  stabilized  the  missile  in 
the  vertical  position. 

On  the  last  of  three  missile  drops,  the  first  stage 
Minuteman  motor  was  fired  for  ten  seconds 
immediately  following  the  disconnect  of  the  stabi- 
lization parachutes. 

The  Air  Force  conducted  a careful  test' program 
approaching  the  final  system  drop  in  a logical  weight, 
speed,  load  build-up  and  crew  training  approach. 
Testing  included  five  extraction  parachute  tests,  six 
crew  training  tests  and  seven  weight  build-up  tests. 
Weight  build-up  tests  used  a simulated  load  platform 
weighing  up  to  86,000  pounds,  extracted  and  stabi- 
lized with  the  stabilization  parachute  system.  Plat- 
forms were  then  recovered  using  clusters  of  up  to  ten 
100-ft  each  G-11 A cargo  parachutes  for  final  descent. 
Airdrop  launch  speeds  ranged  from  159  to  178  knots 
with  the  final  three  missile  drops  made  at  an  indica- 
ted airspeed  of  160  knots  arid  20,000  ft  pressure  alti- 
tude. Reference  200  gives  an  account  of  the  system- 
atic conscientious  flight  safety  approach  to  this  test 
of  the  heaviest  single  weight  ever  airdropped. 

Air-Launched  Balloon-Supported  Relay  Station. 

A system  being  developed  places  a communications 
relay  station  at  a given  location  and  to  float  at  a 
desired  altitude  by  means  of  a balloon 

The  entire  system,  consisting  of  the  relay  station, 
the  balloon,  liquid  helium  for  balloon  inflation,  the 
parachute  extraction  and  balloon  deployment  system 
and  related  gear,  weighs  1500  lbs  and  is  stored  m a 
cubical  container.  The  system  is  air-launched  from 
the  cargo  compartment  of  a C 130  aircraft  at  25,000 
feet  altitude  by  means  of  a standard  extraction  sys- 
tem. A 28-ft  diameter  ringslot  parachute  is  deployed 
by  the  pendulum  release  method  on  a 200- ft  extrac- 
tion line  which  connects  with  a four-legged  harness  to 
the  four  corners  of  the  container.  Ten  seconds  after 
extraction, ' the  four-legged  harness  is  disconnected 
from  the  1200  lb  descending  container  and  in  turn 
deploys  a 42-ft  d.iametef  ringsail  main  parachute.  A 

150,000  cubic  ft  balloon  is  stowed  in  a bag  above  and 
around  the  vent  f the  main  parachute.  The  para- 
chute inflates  around  a center  line  that  keeps  the  28- 
ft  extraction  parachute  attached  to1  the  container.  An 
appropriate  time  after  main  parachute  inflation,  the 
balloon  bag  is  opened  and  the  inflation  of  the  balloon 
starts  from  the  liquid  helium  cryogenic  unit  on  the 
bottom  of  the  container.  The  extraction  parachute 
remains  attached  to  the  top  of  the  balloon  through 
initial  inflation  to  support  and  control  stretch.  After 
the  balloon  is  half  inflated,  the  extraction  parachute 
is  disconnected  in  order  to  lower  the  system  weight 
and  avoid  destabilizing  forces  on  the  balloon.  After 
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full  balloon  inflation,  the  1000  lb  cryogenic  unit  is 
disconnected  from  the  container  and  recovered  with 
three  35-ft  diameter  T-10  extended  skirt  parachutes. 

Numerous  tests  have  been  conducted  3t  the 
National  Parachute  Test  Range  with  this  complex  sys- 
tem. These  tests  have  defined  good  components  and 
identified  areas  that  need  improvement  as  develop- 
ment of  this  system  progresses201'203  Figure  1.41 
shows  a schematic  of  the  parachute  balloon  train . 
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1.  28-ft  ringdot  extraction  parachute 

2.  200-ft  extraction  line 

3.  Four  htmett  lege  with  pyro-ditconnectt 

4.  Extraction  lint  disconnect 

5.  1 50,000  ct>.  ft.  balloon 

6.  42-ft  ringtail  main  parachute 

7.  Canter  Una 

8.  Container 

9.  Droppable  cryogenic  unit  with  three  35-ft  extended 
skirt  parachutes 


Figure  1.41  Schematic  Of  Parachute  Balloon  Train,  Of  Air-Launch  Communication  Relay  Balloon. 
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CHAPTER  2 

DEPLOYABLE  AERODYNAMIC  DECELERATORS 

A recovery  system  is  made  up  of  components  which,  functioning  together,  provide  for  the  controlled  deceler- 
ation and  stabilization  of  a body  in  flight  or  moving  on  the  ground.  Most  applications  involve  an  airborne  body 
for  which  the  system  also  provides  controlled  descent  and  flight,  termination  functions.  The  most  important 
component  of  a recovery  system  is  the  deployable  aerodynamic  deceferator.  Other  components  of  the  system 
may  provide  the  means  for  deployment  of  the  decelerator,  control  of  forces,  support  for  the  suspended  body, 
landing  impact  attenuation,  and  in  some  cases,  automatic  detachment  of  the  decelerator  when  its  function  ends. 

The  primary  operational  features  of  a deceleration  device  are  its  drag  and  stability  characteristics.  Lift  may  be 
incorporated  in  a decelerator  to  provide  divergence  from  a ballistic  path  such  as  gliding  to  a target  landing  spot. 
Drag,  stability  and  lift  characteristics  determine  the  performance  effectiveness  of  a deployable  aerodynamic 
decelerator.  These  characteristics  vary  with  the  design  configuration  of  the  decelerator.  This  chapter  describes 
configurations  of  various  decelerator  types,  supported  by  limited  performance  and  weight  data  to  permit  compar- 
ison of  one  decelerator  type  with  another. 

Decelerators  are  normally  required  to  be  efficient  in  terms  of  weight  or  packed  volume  per  unit  area.  Hence, 
an  important  decelerator  feature  is  a flexible  structure  that  can  be  folded  or  compressed  into  a relatively  dense 
package.  Also  important  is  the  decelerator's  capability  sof  being  deployed  from  the  stowed  position  and  rapidly 
inflated  to  create  a required  aerodynamic  force-producing  configuration.  Deployment  and  opening  force  charac- 
teristics of  a decelerator  are  significant  factors  affecting  not  only  weight  and  packed  volume  of  the  decelerator, 
but  also  the  integrity  of  structure  and  contents  of  the  object  being  recovered. 

The  construction  geometry  of  a decelerator  determines  its  operational  shape  and  the  nature  of  aerodynamic 
forces  generated.  The  designs  discussed  in  the  following  sections  represent  those  which  have  been  sufficiently  in- 
vestigated to  obtain  performance  data,  and  are  used  in  operational  recovery  systems,  or  have  shown  potential  for 
future  applications.  Although  parachutes  predominate  as  the  decelerator  class  most  frequently  accommodated  in 
a recovery  system,  decelerators  other  than  parachutes  are  described  which  possess  features  of  special  advantage, 
particularly  in  the  high  temperature,  high  velocity  performance^  regimes. 

DECELERATOR  CHARACTERISTICS 

Shape  factors  for  decelerators  are  summarized  in 
tabulated  form,  along  with  general  performance  char- 
acteristics. Numerical  values  in  the  tables  represent 
either  an  approximate  mean  value,  normally  suitable 
for  preliminary  performance  assessment,  or  a range  of 
values  influenced  by  geometric  factors,  canopy  poros- 
ity, operating  altitude  and  velocity.  Where  a range 
depicts  a wide  spread  of  the  term  average,  it  is  neces- 
sary to  excercise  careful  judgement  in  applying  a unit 
value,  even  for  a preliminary  performance  assessment. 

A proper  judgement  could  be  based  on  an  under- 
standing of  influencing  parameters  and  their  effects 
\ on  performance  characteristics  as  discussed  in 
Chapter  6. 

A' .summary  of  decelerator  comparable  features  are 
contained  in  Tables  2.1  through  2.5.  Plan  and  profile 
views  define  the  constructed  shape  of  each  decelera- 
tor type,  followed  by  a factor  which  relates  a basic 
construction  dihgension  Dc,  to  the  decelerator's 
nominal  diameter based  on  reference  area,  SQ. 
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lated  shape  is  similarly  defined  by  the  ratio,  Dp/D0, 
ire  projected  diameter.  Op,  is  a variable  dimension, 
tese  terms  and  their  relationships  are  defined  start- 
on  page  79. 

Drag  efficiency  is  reflected  ir.  the  term,  Q j , a 
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fficient  of  aerodynamic  drag  force  related  to  the 


decelerator  surface  area,  S0.  The  drag  coeffi- 


it  varies  within  a characteristic  range,  influenced 
such  factors  as  canopy  size,  number  of  gores, 
iopy  porosity,  suspension  line  length,  air  density, 
rate  of  descent.  In  Table  2.1,  the  solid  cloth 
r|achutes  used  for  descent  which  show  large  oscilla- 
angles  also  show  a wide  spread  in  Cqq.  Values 
from  data  (see  Chapter  6)  obtained  at  rates  of 
stent  between  17  and  30  fps,  the  higher  values  of 
coefficient  occurring  at  the  low  velocities.  The 
values  are  representative  of  normal  operational 
ditions  within  the  subsonic  regime.  Drag  coeffi-  , 
ts  at  supersonic  speeds  are  given  in  Chapter  6. 

The  opening  load  factor,  in  the  table  is  the 
io  of  the  characteristic  peak  opening  force  to  the 
tidy  state  drag  force  during  inflation  at  a constant 


flow  velocity,  the  "infinite  mass”  condition.  A value 
of  this  factor  near  unity  is  desired  in  non-reefed  para- 
chutes such  as  man-carrying,  aircraft  landing  decelera- 
tion, ordnance  retardation  and  first  stage  drogue  para- 
chutes. The  control  of  canopy  area  growth  by  reefing 
has  lessened  the  importance  of  the  opening  load  factor 
characteristic  in  applications  where  reefing  is  feasible. 

The  average  angle  of  oscillation  in  the  tables  is  a 
range  of  observed  pendular  motif*.  for  decelerators 
from  very  small  scale  models  in  a wind  tunnel,  to 
parachutes  in  excess  of  100  ft  diameter  in  free  desent. 
Large  oscillations  indicated  for  the  solid  textile  para- 


chutes are  associated  with  parachute  sizes  less  than  30 
ft  diameter.  Parachutes  with  this  degree  of  instability 
also  have  a tendency  to  glide  instead  of  oscillating 
depending  on  the  surface  loading  i V/S0.  Stability  of 
parachutes  is  discussed  in  detail  in  Chapter  6. 

General  applications  of  decelerators  are  listed  by 
functional  purpose,  i.e.,  a drogue  is  an  initial  stage 
decelerator,  sometimes  operating  effectively  at  super- 
sonic speeds.  Other  decelerators  provide  ground  de- 
celeration, cargo  extraction,  body  stabilization,  or 
final  descent  functions. 


TABLE  2.1  SOLID  TEXTILE  PARACHUTES 


Constructed  Shape 

Inflated 

Drag 

Opening 

Average 

Shape 

Coef. 

Load 

Angle  of 

General 

Type 

Dc 

°P 

C n 

Factor 

Oscillation 

Application 

Plan 

Profile 

uo 

CX 

°o 

°o 

Range 

(Inf.  Mass) 

Flat 

3 

«*-Oe 

1.00 

.67 

to 

.75 

to 

~1.8 

±10° 

to 

Descent 

Circular 

.70 

.80 

±40° 

Conical  ( 

3 

UoeJ 

.93 

to 

.95 

.70 

.75 

to 

.90 

-1.8 

±10° 

to 

±30° 

Descent 

Bi-Conical  1 

0 

' UocJ 

.90 

to 

.95 

.70 

.75 

to 

.92 

-1.8 

±10° 

to 

±30° 

Descent 

Tri-Conical  | 

3 

L,J 

.90 

to 

.95 

.70 

.80 

to 

.96 

-1.8 

±10° 

to 

±20° 

Descent 

Extended 

.66 

.78 

±10° 

Skirt  | 

i ° ,)) 

.86 

to 

to 

-1.4. 

to 

Descent 

10%  Flat 

■J  U-.rOe 

.70 

•87 

■ 

±15° 

Extended 

0 

r*~i 

.66 

.75 

±10° 

Skirt  1 

.81 

to 

to 

—1.4 

to 

Descent 

14.3%  Full 

\-.1430t 

.70 

.90 

±15° 

Hemispherical  ( 

3 

O 

U*-l 

.71 

.66 

.62 

to 

.77 

—1.6  . 

±10° 

to 

±15° 

Descent 

Guide 

Surface 

3 

.63 

.62 

.28 

.to 

-1.1 

0° 

to 

. t 

Stabilization 

(Ribbed) 

.42 

±2° 

Drogue 

Guide  ( 

Surface 

(Ribless)  j 

3 

.66 

.63 

.30 

to 

.34 

—1.4 

0° 

to 

±3° 

Pilot, 

Drogue 

Annular 

© 

1.04 

.94 

.95 

to 

1.00 

-1.4 

<±6° 

Descent 

Cross 

jy 

3 ~~ 

1.15 

to 

1.19 

.66 

to 

.72 

.60 

to 

.78 

-1.2 

0° 

to 

±3° 

Descent, 

Deceleration 
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TABLE  2.2  SLOTTED  TEXTILE  PARACHUTES 


Type 

Constructed  Shape 

Plan  Profile  _£ 
°o 

Inflated 

Shape 

°P 

Do 

Drag 

Coef. 

Range 

Opening 

Load 

Factor 

CX 

(Inf.  Mass) 

Average 
Angle  of 
Oscillation 

General 

Applicatior 

Flat 

Ribbon 

0 

, 

1.00 

.67 

.45 

to 

.50 

-1.05 

0° 

to 

±3° 

Drogue, 

Descent, 

Decelerate 

Conical 

Ribbon 

o 

.95 

to 

.97 

.70 

.50 

to 

.55 

-1.05 

0° 

to 

±3° 

Descent,  ' 
Deceleration 

Conical 

Ribbon 

(Varied  Porosity) 

o 

.97 

.70 

.55 

to 

.65 

1.05 

to 

1.30 

0° 

to 

■ ±3° 

Drogue, 

Descent, 

Deceleration 

Ribbon 

(Hemisflo) 

o 

td 

.62 

.62 

. 30* 
to 
.46 

1.00 

to 

1.30 

±2° 

Supersonic 

Drogue 

Ringtlot 

0 

U-Oc-*4 

1.00 

.67 

to 

.70 

.56 

to 

.65 

-1.05 

0° 

to 

±5° 

Extraction, 

Deceleration 

Ringw'i 

o 

1.16 

.69 

.75 

to 

.90 

-1.10 

±5° 

to 

±10° 

Descent 

Disc-Gap- Band 

o 

L-oc-»4 

.73 

.65 

.52 

to 

.58 

-1.30 

+ 10° 
to 

±15° 

Descent 

'Supersonic 

TAELE  2.3 

ROTATING  PARACHUTES 

Type 

Constructed  Shape 

Plan  Profile 

Do 

Inflated 

Shape 

°JL 

Do 

Drag 

Coef. 

c°. 

Range 

Opening 

Load 

Factor 

CX 

(Inf.  Mass) 

Average 
Angle  of 
Oscillation 

General 

Application 

Rotafoil 

1.05 

.90 

.85 

to 

1.05 

0° 

to 

OrruviR 

Ml 

.99 

±2° 

uiuyuo 

Vortex  Ring 

i 

i — ~ 

1.90 

N/A 

1.5 

to 

1.8 

1.1 

to 

1.2 

0° 

to 

±2° 

Descent 

TABLE  2.4  GLIDING  PARACHUTES 


To  jo,  TU 
Slots,  ate. 


LeMoigrw 


Parawing 
(Single  Kaal) 


Parawing 
(Twin  Kaal) 


Parafoil 


Sailwing 


Volplane 


Constructed  Shape 
Plan  Profile 


Balloon 

(Batlute) 


rtl 

t~~1 


i*j* 


Area 

Ratio 

So 

Aerodynamic 
Force  Coef. 

CR 

Range 

Glide 

Ratio 

(Bna* 

General 

Application 

.85 

0.5 

1.0 

to 

to 

Descent 

.90 

0.7 

.90 

1 , 

1.0 

to 

1.1 

Descent 

1.00 

.90 

2.0 

1.0 

to 

to 

Descent 

1.10 

2.5 

i 

1.00 

2.8* 

1.0 

to 

to 

Descent 

1.10 

3.2 

.75 

2.3* 

.27 

to 

to 

Descent 

.85 

3.5 

.80 

2.5* 

i 

to 

N/A 

to 

Descent 

.90 

3.5 

1 

1 

2.0* 

.80 

N/A 

to 

Descent 

*Glida  ratio  is  affected  by  aspect  ratio  AR,  and  canopy  loading,  W/Sg. 

TABLE  2.5  DECELERATORS  OTHER  THAN  PARACHUTES 

Constructed  Shape  Inflated  Dreg  Opening  Averq 

Shape  Coef.  Load  Angle  i 

Dq  Dm  On  C •*  Oscillat 

Plan  Profile  ■=*  °o 


13*  9 - 


Drag 

Opening 

Average 

Coef. 

Load 

Angle  of 

C°o 

C- 

Oscillation 

Range 

(Inf.  Mast) 

.51* 

to 

""1.0 

<±1° 

1.20 

General 


Stabilization 

Drogue 


'Supersonic 
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PARACHUTES 


Crown 


Apex 


Parachutes  constitute  the  major  class  of  deployable 
aerodynamic  decelerators.  The  type  designations  re- 
late generally  to  the  profile  of  the  canopy,  its  plan- 
form,  or  other  characteristic  feature.  The  different 
parachute  designs  fall  into  two  broad  categories;  solid 
textile  and  slotted.  Within  both  categories,  most 
parachute  types  have  evolved  from  the  geometry  of 
the  basic  fiat  circular  canopy.  Others,  through  unique 
features  of  construction  have  achieved  excellent  sta- 
bility, L wpr  cost  or  gliding  performance. 

The  shape  of  a parachute  when  inflated  and  the 
number  and  arrangement  of  suspension  lines  may 
vary  greatly  from  one  type  to  another,  but  all  possess 
symmetry  about  a central  axis,  or,  at  least  about  a 
plane  through  the  system  axis  Inflated  shape  can  be 
varied  by  a modification  of  construction.  A principal 
reason  for  the  existence  of  numerous  types  of  para- 
chutes is  optimization  of  one  or  more  performance 
characteristics,  but  it  is  the  construction  geometry 
that  separates  one  parachute  type  from  another. 

In  the  following  paragraphs,  the  different  parts  of 
a parachute  are  defined,  and  geometric  data  are 
provided  for  a number  of  established  types  For  ref- 
erence, specific  parachute  and  applications  data, 
including  size,  number  of  gores,  material  used,  length 
of  lines,  parachute  weight,  suspended  load,  rate  of 
descent,  and  maximum  deployment  velocity,  are 
listed  for  developed  and  operational  parachutes  repre- 
sentative of  each  type. 


The  principal  components  of  a parachute  are  the 
cano  )y  and  the  suspension  lines.  The  canopy  is  the 
cloth  surface  that  inflates  to  a developed  shape, 
producing  an  aerodynamic  force.  Its  purpose  is  to 
apply  a retarding  or  stabilizing  force  as  it  is  draws 
through  the  air  by  a falling  or  moving  body. 
Suspension  lines  transmit  the  retarding  force  from 
canosy  to  body,  usually  through  a riser  at  the  towing 
end.  A riser  forms  a single  load  carrying  member 
below  the  convergence  of  suspension  lines,  and  may 
extend  above  the  convergence  point  as  branches 
whies  attach  to  groups  of  suspension  lines.  Thevec- 
toria  point  of  convergence  of  ail  suspension  lines  of  a 
parachute  is  commonly  referred  to  as  th e confluence 
point  The  distance  from  canopy  skirt  to  the  conflu- 
ence point  is  the  effective  suspension  line  length, /tf. 
A riser  is  treated  as  a separate  sub-assembly  unless 
formed  by  continuation  of  the  suspension  lines,  or  if 
for  other'  reasons  it  Cannot  be  separated  from  the 
parachute  assembly. 

The  parts  of  a typical  parachute  are  identified  in 
Figure  2.1.  The  crown  of  a canopy  is  the  region  of 
cloth  area  above  the  major  diameter  of  the  inflated 
shape  , whereas  the  portion  below  to  the  leading  edge 
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Figure  2.1  Parts  of  a Parachute 


of  the  canopy  is  known  as  the  skirt.  The  circular 
opening  at  the  center  of  the  crown  is  called  the  vent. 
The  vent  is  normally  less  than  one  percent  of  the 
canopy  area.  It  serves  to  simplify  fabrication  and 
provides  relief  for  the  initial  surge  of  air  that  impacts 
the  top  of  the  canopy  at  the  start  of  inflation.  Vent 
lines  are  line  segments  or  portions  of  continuous  lines 
fixed  to  opposed  points  on  the  vent  hem.  They  pro- 
vide structural  continuity  across  the  canopy  to  each 
suspension  line.  The  apex  is  the  topmost  point  of  an 
inflated  canopy,  and  normally  refers  to  the  point 
where  vent  lines  cross.  A gore  is  a tapered  or  triangu- 
lar fabric  segment  of  a canopy. 

Canopy  Geometry 

A conventional  parachute  canopy  is  formed  from 
an  even  number  of  identical  gores  joined  one  to 
another  by  means  of  a main  seam,  or,  for  a canopy  of 
circular  planform,  a radial  seam.  A gore  extends  from 
the  top  edge  of  the  vent  hern  to  the  bottom  edge  of 
the  skirt  hem,  e.g.,  gore  h light,  hg,  is  the  centerline 
distance  from  apex  to  skirt  edge,/>f , less  vent  height, 
hv,  shown  in  Figure  2.2.  A triangular  gore  has  a 
vertex  angle,  0,  and  gore  width  varies  from  ev  at  the 
vent  hem,  to  es  at  the  skirt  hem.  The  flat  pattern  of 
gore,  if  other  than  a straight  sided  geometric  shape, 
may  be  defined  more  explicity  by  ordinates  of  e,  as  h 
varies  from  hv  to  hs.  Fig.  2.2  shows  two  patterns  for 
a flat  gore  layout.  A gora  of  solid  cloth  will  consist 
of  sections  sewn  together  either  in  bias  or  block 
pattern.  " ’ number  of  sect'ons  in  a gore  is  usually 
determ  the  cloth  width  seam  allowance. 

With  P/a.  . instruction,  section  seams  and  yarns  lie  in 
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Figure  2.2  Flai  °attems  of  a Gore 

a direction  45  degrees  to  the  center  line  of  the  gore, 
and  adjacent  gores  are  alternated  so  that  diagonal 
seams  meet  at  the  radial  seams  as  illustrated  in  Fig- 
ure 2.3.  With  block  construction,  the  cloth  direction, 
or  more  specifically,  the  direction  of  warp  yarns,  is 
either  parallel  or  perpendicular  to  the  gore  centerline. 

Constructed  Shape.  For  purposes  of  uniform  com- 
parison and  reference,  a parachute's  size  is  based 
upon  canopy  , constructed  surface  area,  normally 
referred  to  as  nominal  area.  S0.  For  most  canopy 
designs,  nominal  area  is  computed  as  the  sum  of  the 
gore  areas  inclusive  of  vent  area,  slots  and  other  open- 
ings within  the  gore  outline.  Areas  of  surfaces,  such 
as  ribs.,  flares,  panels  or  additions  for  fullness  to  the 
cloth  are  also  included.  Nominal  diameter,  D0,  is  de- 
fined as  the  computed  diameter  of  a circle  of  area  SQ. 
The  nominal  diameter,  D0,  usually  differs  from  the 
principal  construction  dimension,  Dc,  of  a canopy. 
As  a reference  dimension,  Dc,  is  the  constructed  dia- 
meter of  a circular  parachute  canopy,  defined  as  the 
distance  between  points  where  maximum  width  of 
opposing  gores  intersects  the  radial  seam.  Thus,  con- 
structed diameter  is  measured  along  the  radial  seam, 
and  not  along  the  gore  centerline.  The  constructed 
diameter,  Dc,  of  a flat  canopy  and  the  vent  diameter, 
Dv,  are  shown  in  a construction  schematic  diagram  of 
Fig.  2.3.  The  dotted  line  is  a scale  representation  of 


Figure  23  Planform  and  Construction  Schematic 
for  a Flat  Circular  Parachute 

suspension  effective  length,  /e  • DQ. 

The  desired  constructed  shape  of  a parachute  is 
determined  by  gore  geometry  and  the  number  of  gores 
in  the  canopy.  For  a flat  circular  canopy,  the  sum  of 
the  gore  angles,  £0,  around  the  apex  will  total  360 
degrees,  e g.,  for  a given  number  of  gores,  N,  each 
gore  will  have  a vertex  angle  of  0 ■ 360/N  degrees. 

If  a canopy  is.  constructed  of  triangular  gores 
whose  £0  is  less  than  360  degrees,  a conical  canopy  is 
the  result.  Figure  2.4  shows  a construction  schematic 
of  a conical  canopy.  The  cone  angle,  ft.  is  the  angle 
between  the  gore  radial  seam  centerline  and  its  corre- 
sponding fiat  projection. 

A disadvantage  of  the  conical  canopy  shape  is 
extra  tautness  in  the  mid-crown  region,  leading  to 
higher  hoop  stress  in  the  fabric.  Adding  width  to  the 
gore  fabric  to  create  fullness  in  the  transverse  direc- 
tion relieves  high  stress  by  reducing  local  radius  of 
curvature.  Fullness  is  a term  applied  to  the  amount 
that  a flat  fabric  dimension  exceeds  the  basic  gore 
width.  Providing  fullness  near  the  vent  for  stress 
relief  is  a common  design  practice.  Other  parachute 
types  use  variations  of  the  basic  triangular  gore  to 
gain  improved  performance. 

Shaping  the  gore  to  a bi-conical  profile  relieves  the 
concentrated  stress  at  mid-crown  of  the  conical  con- 
structed shape.  The  first  cone  has  a smaller  base 
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Figure  14  Construction  Schematic  of  Conical 
Canopy 

angle,  p.  than  the  second  cone.  The  tri-conical  design 
goes  a step  further  toward  specialization  of  construc- 
ted shape  with  three  conical  surfaces.  Bi-  and  Tri- 
conical  designs  exist  in  many  forms,  varyinq  both  in 
constructed  dimensions  and  cone  angles.  A polyconi- 
cal  parachute  of  ten  equal  slope  lengths  has  been 
manufactured  and  successfully  tested.  The  trend 
toward  a rounded  construction  profile  appears  more 
effective  than  the  flat  circular  or  the  plain  conical 
parachute  types. 

Setter  stability  and  a lower  opening  load  factor  is 
achieved  by  extending  the  skin.  There  are  several 
methods  for  shaping  the  gore  to  extend  the  skirt.  A 
flat  extended  skirt  is  obtained  by  tapering  the  gore 
beyona  me  point  of  maximum  width  at  the  same 
angle  as  the  vertex  angle  0.  A full  extended  skirt  is 
obtained  by  tapering  the  extension  of  the  gore  at  an 
angle,  4/.  formed  by  two  adjacent  suspension  lines 
which  come  together  at  the  confluence  point  of  a 
construction  schematic.  The  amount  of  extension  is 
given  as  a percent  that  one  gore  extension  exceeds  the 
constructed  diameter.  The  taper  angle  of  a full  exten- 
sion is  determined  by  the  suspension  line  effective 

length,  l9,  and  the  skirt  extension  dimension. 

i 

Inflated  Shape.  Under  aerodynamic  loading,  a 
typical  canopy  assumes  a concave  scalloped  contour 
when  it  fills  to  its  inflated  shape,  with  fabric  and  lines 
taut  due  to  tension  forces,  A measurement  of  projec- 
ted area,  Sp,  can  be  converted  to  projected  diameter. 
Dp,  defined  as  the  diameter  of  a circle  of  aret>,  Sp. 
Frequently  the  maximum  width  dimension,  Dp, is 


Figure  IS  Shape  of  an  Inflated  Gore 

used,  the  distance  across  the  canopy  at  the 
centerline.  The  projected  height  of  the  canopy,  h 
the  measurement  from  the  apex  to  the  plane  at  pc 
of  juncture  of  skirt  hem  and  suspension  lines,  f 
diameter.  Ds,  is  the  diameter  of  a circle  through  t 
points.  Figure  2.5  shows  the  outward  curvatur. 
the  gore  between  radial  seams  to  vary  from  a st 
displacement  near  the  vent,  to  a large  displacemen 
the  skirt. 

The  importance  of  geometry  is  better  underst- 
when  it  is  realized  that  the  aerodynamic  forces  get 
ated  by  a parachute  relate  to  its  inflated  shape.  Th> 
fore,  the  area  ratio,  Sp/SQ  and  the  diameter  ri 
Dp/Dp,  are  important  drag  related  parameters  of  i 
ballistic  type  decelerator. 

The  effective  length  of  suspension  lines.  I9,  usut 
influences  the  shape  and  projected  area  of  an  inf  la, 
canopy,  rpaking  the  ratio,  a major  design  pa 
meter  for  most  parachute  types.  Exceptions  aregu 
surface,  hemispherical  and  extended  skirt  types  w 
relatively  inflexible  skirt  diameters. 

Typical  features  of  parachutes  are  more  cleat 
defined  in  subsequent  pages.  For  most  types,  cano< 
shapes  are  shown  as  both  a constructed  cross-sectii 
and  as  a profile  outline  when  fully  inflated.  Nume 
cal  expressions  are  given  which  either  relate  basic  go 
dimensions  to  canopy  surface  geometry,  indica 
shape  factors  or  note  preferred  line  length  ratio 
Illustrations,  for  purposes  of  scale,  show  suspensif 
line  effective  length,  l9,  equal  to  the  nominal  diar 
eter,  D0. 
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Specific  reference  data  are  listed  in  tabular  form 
representing  operating  examples  of  parachute  types 
described.  Designations  are  noted  for  standard  mili- 
tary designs.  Parachute  size  is  given  as  a diameter,  DQ. 
in  feet.  The  number  of  gores,  length  of  lines,  material 
used,  and  parachute  weight  further  define  the  para- 
chute. Canopy  and  line  materials  are  identified  by 
fiber  and  textile  weight  or  strength  values.  More 
complete  information  may  be  found  in  the  materials' 
tables  of  Chapter  4.  Parachute  weight  values  may  be 
assumed  to  include  only  suspension  lines  extending  to 


the  confluence  point.  The  recoverable  payload  is 
identified  and  values  are  listed  for  payload  weight, 
maximum  deployment  velocity,  rate  of  descent  and 
any  special  conditions  which  apply  to  use  of  the  para- 
chute. Rate  of  descent  is  given  at  sea  level  equivalent, 
and  maximum  deployment  velocity  in  knots,  indica- 
ted air  speed  (K  IAS). 

In  comparing  one  parachute  type  with  another, 
relative  features  are  based  on  canopies  of  equal 
nominal  area,  S0. 


Solid  Cloth  Parachutes 

Flat  Circular.  The  canopy  is  a regular  polygon  of 
N sides,  constructed  as  a flat  surface  with  a central 
vent.  It's  design  is  the  basis  for  most  circular  para- 
chutes, other  types  being  variations  in  gore  pattern 
and  general  geometry.  Flat  circular  parachutes  are 
simple  and  economical  to  construct,  handle  and 
inspect,  and  are  often  used  in  clusters.  They  are  in 
wide  use  for  personnel  and  airdrop  applications.  This 
parachute  is  very  reliable.  Data  for  several  specific 
flat  circular  parachute  and  load  configurations  are 
listed  below  for  drag  coefficient  increase  and  impro- 
ved inflation  characteristics. 


* iNtan  (iaor/N)] 

•t  - 2hs  tan  (18(f/N ) 

Generally  : 

Sv  < 0.01  SQ 

— » 0.80  to  1.2S 


D' 

ZB  * 0.67 


» 0.41 


I 


i,r 


CONSTRUCTION  SCHEMATIC 


GORE  LAYOUT 


andStae 

Dg.1t 

(nylon) 

oe/Vd* 

Gera 

N 

(nylon) 

lb> 

EC 

WW* t 
Ibi 

VM0K 

lbs 

Daploy. 

Velocity 

Dncartt 

fpi 

Goncftioni 

C-9  28 

1.1 

28 

560 

.82 

11.3 

Personnel 

200 

275  kts 

20.0 

G-12  84 

225 

84 

1000 

.80 

130 

Cargo 

2200 

200  kts 

28.0 

304 

G-11A  100 

1.6 

120 

560 

.80 

215 

Cargo 

3500 

150  kts 

250 

f> r.  -? 

(»0oT0U 

304 

136 

1.6 

100 

560 

1.25 

460 

Cargo' 

50000 

150  kts 

22.0 

Ouster  of  6 

194 

Conical.  The  canopy  is  constructed  as  the  surface 
of  a regular  pyramid  of  N s'des  and  base  angle,  it. 
by  joining  gores  having  a vertex  angle,  0,  less  than 
360 °/N.  It  s design  is  a minor  variation  of  the  flat 
circular  canopy.  The  conical  parachute  is  as  simple 
and  economical  to  construct,  handle  and  inspect  as 
the  flat  circular  and  server  similar  applications.  As  a 
result  of  drop  tests  with  models  conducted  in 
1949,  conical  parachutes  with  up  to  30°  cone  angles 
showed  approximately  ten  percent  higher  drag  than 
solid  fl3t  parachutes  of  the  same  surface  area.  Sub- 
sequent full  scale  tests  using  28  ft  and  32  ft 
diameter  parachutes  confirmed  these  results.  Data 
for  specific  conical  parachute  and  load  configurations 
are  listed  below. 


- „ . ./  r . 180° . 1 

& * 2 sin  usin  -ff ) cos  pi 

h*  '[/V  tan  0/2^ 
esm  2 hs  tan  fy? 

Generally  . 

Sv  < 0.01  S0 

1*.  - 0.80  to  1.2  I 


% 

rr 


T — ■ • 


CONSTRUCTION  SCHEMA  TIC 


GORE  LAYOUT 


Dp* 

An* 

M 

(nylon) 

3 

ozlyd 

Grm 

N 

(nylon) 

lt» 

length 

te®o 

Weight 

It* 

26 

25* 

1.1 

24 

550 

.8 

8.1 

67 

25* 

1.1 

2.25 

60 

750 

12 

86 

95 

25* 

1.6 

2.25 

108 

560 

1.0 

163 

Piyload 

Payload 

Weijht 

lbs 

Mx. 

Deploy. 

Velocity 

Rate  of 
Deeoerrt 

fp* 

Special 

Conditions 

Ref. 

Personnel 

200 

275  kts 

19.5 

49 

Missile 

1800 

200  kts 

20.0 

Reefed 

208 

Missile 

3500 

275  kts 

22.0 

Reefed 

206 

Bi-Conical.  The  canopy  is  constructed  as  the 
surface  of  a regular  pyramid  and  a pyramid  frustum 
of  N sides  ?',y  joining  gores  of  a shape  illustrated.  It's 
design  is  a variation  of  the  conical  canopy.  The  bi- 
conical  parachute  is  reasonably  simple  and  economical 
to  construct.  It  serves  applications  which  are  typical 
for  flat  circular  parachutes  with  better  stability  and 
drag  performance.  Data  for  specific  bi-conical  para- 
chute and  load  configurations  are  listed  below.  Both 
examples  were  constructed  with  the  skirt  at  90°, 
approaching  an  extended  skirt  profile. 


GORE  LAYOUT 


SU» 

Daft 

Cam 

An0a 

H3 

Cantor 

(nyfon) 

ot/yd 

No.  of 
Gorw 

N 

LineStr. 

(nylon) 

lbs 

Lina 

Length 

ftrachute 

WWght 

Iba  * 

Payfoed 

Paytoed 

Weitfrt 

lbs 

Mr. 

Daptoy. 

Velocity 

Rate  of 
Dwcsnt 

fp» 

User 

28 

36.4 

* * I 

1.1 

233 

1.1 

24 

30 

400 

375 

.95 

.96 

9.9 

155 

Now  Cone 

Personnel 

275 

300 

300  kts 

200  kts 

20.0 

16.2 

(Nike) 

US  Army 

84 
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Tri-Conical.  The  canopy  is  constructed  as  a regular 
pyramid  and  two  frustums  of  N sides  by  joining  gores 
of  a shape  illustrated.  The  tri-conical  parachute  is 
reasonably  simple  and  economical  to  construct.  It 
serves  applications  which  are  typical  for  flat  circular 
parachutes  with  better  stability  and  drag  performance. 
Data  for  specific  tri-conical  parachute  and  load  config- 
urations are  listed  below.  These  were  developed  as 
main  descent  parachutes  for  mid-air  retrieval  systems 
used  in  conjunction  with  a trailing  engagement  para- 
chute. 


Sa 

Con* 

Cancpy 

No.  of 

Lint  Str. 

Lin* 

Par  schott 

Payload 

Payload 

Mw. 

Rat*  of 

Special 

Angle* 

(nylcnj 

oz/yd 

Gores 

(nylon) 

Ungth 

Wtatfn 

W*itf»t 

Deploy. 

Descant 

Condition* 

Do.  ft 

U 

N 

lbs 

I'Vo 

lbs 

lbs 

Velocity 

79.6 

N/A 

1.1 

225 

64 

350 

.83 

71.3 

RPV* 

1800 

125  kts 

21 

Reefed 

100 

N/A 

1.1 

225 

88 

400 

.95 

117 

RPVS 

2500 

190  kts 

21 

Reefed 

j 


) 
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Flat  Extended  Skirt.  The  canopy  is  characterized 
by  a flat  polygonal  surface  to  which  is  added  an  ex- 
tension in  the  form  of  an  annular  flat  ring  of  a width 
designated  as  a percent  of  the  flat  surface  diameter  as 
illustrated  by  the  construction  schematic.  The  flat 
extension  is  achieved  by  shaping  the  gore  as  indicated. 
A 10  percent  extension  has  proven  a common  choice, 
although  12.5  and  14  percent  extensions  have  been 
tried.  Flat  extended  skirt  canopies  are  more  complex 
to  design,  but  with  proper  patterns  they  are  no  more 
complicated  to  form  and  assemble  than  the  flat  circu- 
lar. Extended  skirt  parachutes  have  slightly  higher 
drag,  longer  filling  times  and  lower  opening  forces 
than  flat  circular  parachutes  of  identical  Sa.  Data  for 
specific  flat  extended  skirt  parachute  and  load  config- 
urations are  listed  below. 


For  10%  Extension: 


h2  * 0.1  Dc  (by  definition ) 


nr' 


CONSTRUCTION  SCHEMA  TIC 


ijor^L 

N 


hi  - .858 


' Iran  (180° /N)\ 

h2  - 0.2hj 

a,  - a2  - 90°  - (180° /Ni 
ej  - 2 hj  ten  ( 18CP/N I 
es  • 0.8  e/ 

V°o  " 084  t0  h0 


'INFLATED  PROFILE 


GORE  LAYOUT 


DqM 

az/yd3 

■N 

lbs 

ypo 

lbs 

lbs 

Velocity 

fp* 

35 

1.1 

30 

375 

.84 

13.85 

Paratroops 

200 

300  kts. 

16 

34,5 

1.1 

2.25 

36 

750 

.85 

20.50 

Capsule 

Seat 

700 

490  kts 

28 

i 

f- 
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Full  Extended  Skirt.  The  canopy  is  characterized 
by  a flat  polygonal  surface  to  which  an  added  exten- 
sion takes  the  constructed  form  of  an  inverted  pyra- 
mid frustum  having  the  same  convergence  angle  as  the 
suspension  lines.  The  full  extension  is  achieved  by 
shaping  the  gore  as  shown.  An  extended  length  which 
is  14.3  percent  of  the  flat  surface  diameter  has  proven 
an  effective  and  common  choice.  These  canopies  are 
sufficiently  reliable  for  airdrop  and  drone  recovery 
applications.  Data  for  specific  full  extended  skirt 
parachute  and  load  configurations  are  given  below. 


Sza 

Oq.  ft 

Canopy 

(nylon) 

oz/yd 

No.  of 
Gores 

N 

lineStr 

(nylon) 

lb 

Line 

Length 

yp0 

Parachute 

Weight 

lb 

Payload 

Payload 

Weitfn 

lb 

Dfex. 

Deploy. 

Velocity 

Rate  of 
Descent 

fb 

Special 

Conditions 

Ref. 

30 

1.1 

2.25 

24 

650 

.95 

12.46 

Drone 

400 

300  kts' 

23.0 

MOM-74C 

N/A 

67.3 

1.1 

225 

52 

550 

.92 

620 

Drone 

1800 

275  kts 

220 

Reefed 

208 

78 

1.1 

225 

64 

400 

.95 

64.5 

Drone 

4800 

225  kts 

23.5 

OnnTn  rf 

neereo 

1 
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Hemispherical.  The  constructed  shape  of  this 
canopy  is  a hemispherical  surface.  The  gore  is  design- 
ed so  that  the  flat  width  dimension  is  the  horizontal 
arc  distance  between  radial  seamlines.  The  inflated 
shape  approaches  the  constructed  profile  under  load. 
The  hemispherical  parachute  is  more  stable  than  the 
flat  circular  type  and  is  used  primarily  for  airdrop  of 
supplies.  Data  for  a specific  hemispherical  parachute 
and  load  configuration  are  given  below.  The  G-13  has 
been  produced  in  quantity  using  cotton  and  rayon 
fabrics,  with  rayon  suspension  lines. 


Dc  - (2S0/n)* 
h's  - nDc/4 
es  » ir  Dc/N 
hs  m.  ^ 


□mention 

Crapy 

No.  of 

LineStr. 

Line 

Parachute 

Piytoed 

Payload 

WW*K 

Mn. 

rune  or  rvamarKS 

Ref 

•xfSa 

(rayon) 

Gone 

(rayon) 

length 

VMtfft 

Deploy. 

Decent 

D9  ft 

o i/yd* 

N 

Ite 

Ibe 

Its 

Velocity 

fpe 

G-13  32.4 

4.25 

ro 

400 

.93 

40 

Cargo 

500 

150  kts 

29 

96 

88 


SOLID  CLOTH  PARACHUTES 


Guide  Surface, Ribbed.  The  canopy  is  constructed 
with  a slightly  rounded  crown  or  roof,  and  an  inverted 
conical  front  or  "guide  surface"  extending  from  roof 
edge  to  skirt  hem.  Ribs,  placed  between  gores  in  a 
plane  with  the  suspension  lines,  help  to  maintain  the 
constructed  profile  during  operation.  The  guide 
surface  parachute  was  specifically  developed  as  a 
stabilization  device  for  bombs,  mines,  torpedoes  and 
similar  bodies.  Its  good  stability  comes  from  the 
abrupt  flow  separation  edge  of  its  largest  diameter 
and  the  guide  surface  slope  of  the  skirt.  Low  poros- 
ity cloth  is  used  in  the  roof  and  guide  surfaces  to 
promote  fast  inflation  and  to  help  maintain  its  char- 
acteristic shape.  The  ribbed  guide  surface  parachute 
is  reliable  and  very  stable.  However,  it  has  a low  drag 
coefficient  and  is  difficult  to  manufacture.  Data  are 
given  below  for  1 2-gore  and  1 6-gore  ribbed  guide  sur- 
face parachutes  6.5  ft  in  diameter,  behind  a rocket 
propelled  sled  test  vehicle. 


Guide  Surf  tea  Pant! 


-ilE 


Roof  Panel 


”*L /(/V* 

« t / IX  h\ 

rr^r  iv 


CONSTRUCTION  SCHEMA  TIC 


Dp  * 0.95  Dc 

R1  - 0.05  Dc 

Dv  = 0.10  Dc 

R2  * 2.5  Dg/N 

Ds  - 0.60  Dc 

R3  * 0.75  Dc 

hj  « 0.55  Dc 

R4  - 0.3  Dc 

h’2  - 0.28  Dc 

f « 0.36  Dc 

*1  « 1.2-nDg/N 

g - 0.08  Dc 

es  = 0.6-nD^N 

c » 0.19  Dc 

le  * 1.33  Dc 

d - 0.20  Dc 

Guide  Surface  Panel  - 


/ y-floof/w  \\  \ | j 1/ 

1 IA  INFLATED  PROFILE 

S^X—Harp  or  Fill  \ \ I / II 


'-\-Werp  or  Fill 


GORE  LAYOUT 


, Size 

Canopy 

No.  of 

LineStr. 

Une 

Suspended 

Max. 

ft 

(nylonj 

Gores 

(nylon) 

Length 

Load 

Dspfoy. 

L>o  ” 

oz/yd 

N 

lbs 

ft 

Ibe 

Velocity 

65 

7 

12 

2250 

8.66 

Inf.  Mss 

405  ka 

65 

14 

16 

9000 

8.66 

Inf.  Mass 

600  ks 

Sled  Test 
Sled  Test- 


-ri; 
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Guide  Surface,  Ribless.  In  the  ribless  guide  surface 
canopy,  the  desired  shape  is  obtained  by  modifying 
the  gore  outline.  The  roof  panel  is  widened  to  extend 
around  the  eoge  of  the  guide  surface  panel  to  the 
skirt  edge,  eliminating  the  rib.  The  resulting  flow- 
separation  edge  is  less  abrupt,  accounting  for  a slight- 
ly higher  oscillation  angle  than  the  ribbed  version.  A 
slit  vent  at  the  outer  edge  of  each  guide  surface  panel 
also  helps  to  promote  flow  separation.  Construction 
is  simplified  by  avoiding  the  rib.  Dimensions  for  roof 
and  guide  surface  panels  depend  upon  diameter  and 
the  number  of  gores  in  the  canopy.  A key  to  pattern 
outlines  is  given  on  the  opposite  page,  uata  for 
specific  ribless  guide  surface  parachute  and  load  con- 
figurations are  listed  below. 

Dp  *>  .95  Dc 
Ds-.7Dc 
hi  - .5  Dc 

hi  * .6  Dc  {6 panel aesign only) 
h2  - .23  Dc 

h2  M .27  Dc  (6  panel  design  only ) 
e i - .10  Dc 
lf  * 1.33  Dc 

Dv  » .10  Dc  to  .15  Dc  (varies  with  number 
of  panels) 


Sa 

Cstopy 

(nylon.} 

oefyd 

No.  of 
Gores 

N 

UneStr. 

(nylon) 

lbs 

Line 

Length 

ft 

Parachute 

Weirfrt 

lbs 

Payload 

Ptytoed 

VNteight 

lbs 

Max. 

Deploy. 

Velocity 

Ramarto 

Ref. 

4.81 

2.25 

12 

750 

9.3 

4.5 

Ordnance 

132 

500  kts 

Ordnance 

210 

6.5 

14.00 

16 

4000 

8.65 

N/A 

Inf.  Mass 

720  kts 

SedTest 

209 

90 


GUIDE  SURFACE  PATTERN 


Annular.  The  canopy  is  constructed  as  the  surface 
of  a regular  pyramid  frustum  of  N sides  and  base 
angle.  #x,  in  the  same  manner  defined  for  a conical 
canopy.  Although  designed  as  a conical  surface,  the 
Annular  canopy  is  otherwise  similar  to  the  Airfoil 
designed  circa  1947  as  a portion  of  a sphere.  These 
parachutes  differ  from  other  parachutes  by  the  nature 
of  their  large  central  opening  and  the  addition  of 
interior  suspension  lines.  The  annular  parachute  has  a 
higher  drag  coefficient  than  most  solid  material  types, 
but  the  maximum  deployment  speed  at  which  little 
or  no  damage  occurs  is  lower.  Two  sets  of  suspension 
lines  complicate  construction  and  rigging.  Data  from 
tests  of  specific  parachute  and  load  configurations  are 
listed  beldw.  Tnese  parachutes  were  tested  in  com- 
bination with  a ringsail  engagement  parachute  for 
general  mid-air  retrieval  applications. 


CONSTRUCTION  SCHEMATIC 


9 * N (as  + av) 

0 - 2 sin  1 |ktf»  “-"jctttpj 

*.  - yy* 

at  - 2 ht  tan  0/j 

- 0.5  to  0.8 
°c 

(l„-lb)/h'g  -0.40 
lb/h’g  - 0.66  to  0.75 
hx  - 0.5  (lt  + lb*hg)~~U 

(hx  locates  pressure  relief 
vent  when  needed) 

The  large  central  opening 
is  not  included  in  the  de- 
termination of  S~ 


-j l- 


GORE  LAYOUT 


INFLATED  PROFILE 


oz/yd 
42  1.1 


46*  44 

45*  00 


its . , ypp 


Dspioy. 

Decent 

lbs 

lbs 

Velocity 

fps 

39 

870 

124  kts 

23.9 

81.3 

2000 

171  kts 

224 

for  midair 


Cross.  The  cross  parachute, a French  development, 
is  finding  increased  use  for  deceleration  in  applications 
that  require  good  stability  and  low  cost.  The  design 
is  simple.  The  canopy  consists  of  two  identical  cloth' 
rectangles,  crossed  and  joined  to  each  other  at  the 
square  intersection  t form  a flat  surface  having  four 
equal  arms.  Suspension  lines  are  attached  to  the  outer 
edges  of  four  arms.  Some  versions  employ  tie  cords 
between  corners  of  adjacent  arms.  The  Cross  para- 
chute is  similar  in  stability  performance  and  drag 
efficiency  to  the  ringslot  parachute,  but  it  has  a 
tendency  to  rotate.  It  is  popular  as  a deceleration 
parachute  for  ground  vehicles  (dragsters).  Recent 
applications  include  stabilization  and  deceleration  of 
air  dropped  naval  weapons  53,211  and  low  rate  of 
descent  high  altitude  probe  experiments. 


S0  - 2Dces-e2 
Generally: 

= - Uo2 


0.263  to  0.333 


i 

4. 

V 

PLAN 

t 

J 

- es 

- ■ 



' + 

. — 

- - - 

_1 

FORM 

1 

i 

D 

— c 

Canopy  Dimension  Line  9tr.  No.  ot  Line  Perechuss  Payload  Vehicle  Mk  Rate  of  Application  Ref. 

(nylon)  De  e,  (nylon)  Lines  length  WhitfK  Wsitfit  Deploy.  Descent 

°o-h  cs/Vd*  ft  ft  lbs  2 VPo  lbs  lbs  V*”*  fps 

54.3  03  silk  63  16  100  28  1.16  17.5  lnet.PlK*ags  120  564  ktt  60  HI  Alt  Probe  210 

9.8  7.0  nylon  14  3 4000  18  1.78  7.0  (DtsgRar)  3000  300mph  N/A 
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Supers  onic-X.  The  canopy  is  constructed  as  a con- 
tinuous surface  of  resolution  with  a minimum  of  drag 
producing  discontinuities.  When  operating  at  design 
conditions,  it  simulates  a divergent-convergent  inlet  in 
subcritical  operation  within  a predictable  freestream 
supersonic  fiow  field.  Models  of  this  parachute  have 
been  tested  212in  the  Mach  number  range  from  1.75 
to  8.0.  Performance  in  a drogue  application  may  be 
characterized  by  good  inflation,  excellent  oscillatory 
stability,  average  drag,  fair  inflation  stability  and  poor 
shock  wave  stab'lity.  Performance  is  discussed  in 
Chapter  6.  The  exit  area  is  not  included  in  Sa 

Dax  « .3  Dc 
Din  * BOc 
I,  '2Dc 
hg  - .9538  Dc 

•max’  *°c/N 
hc  - .775  Dc 

hd  - .3375  Dc 
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Slotted  Canopy  Parachutes 

Flat  Circular  Ribbon.  The  canopy  is  a flat  circular 
design  and  consists  of  concentric  ribbons,  usually  two 
inches  in  width,  supported  by  smaller  horizontally 
spaced  tapes  and  radial  ribbons  at  gore  edges.  Rib- 
bons and  tapes  are  accurately  spaced  to  provide  the 
desired  ratio  of  open  space  to  solid  fabric  over  the 
entire  canopy.  Gores  are  triangular  and  dimensions 
are  determined  in  the  same  manner  as  for  the  solid 
cloth  flat  circular  parachute.  The  flat  circular  ribbon 
parachute  has  a lower  drag  efficiency  than  the  solid 
cloth  parachutes.  However,  its  stability  is  excellent 
and  the  maximum  opening  force  is  low  in  compari- 
son. The  canopy  is  relatively  slow  in  opening  and  its 
performance  reliability  depends  on  specific  design 
parameters.  Compared  to  solid  cloth  parachute 
canopies,  the  flat  circular  ribbon  canopy  is  more  diffi- 
cult to  manufacture.  Data  for  specific  flat  circular 
ribbon  parachute  and  ioad  configurations  are  given 
below. 
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GORE  LAYOUT 


Size 

Do.  ft 

Ribbon 

1 nylon ) 

Iba 

No.  of 
Gores 

N 

Line  Str. 
(nylon) 

Its 

Line 

Length 

'e4 

Parachute 
Wei  (fit 

Itu 

Vehicle 

Wei(fit 

Ibi 

Max. 

Deploy. 

Velocity 

Application 

Remark* 

32 

300 

36 

2250 

1.0 

60 
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160  kts 

B47  Brake 

(obsolete) 

44 

300 

48 

4000 

1.0 
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320,000 

180  lets 

BS2  Brake 

Retaod 
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Conical  Ribbon.  The  constructed  shape  of  this 
canopy  is  obtained  in  the  same  manner  as  that 
described  for  solid  cloth  conical  parachutes.  Gores, 
like  the  flat  circular  ribbon  design,  are  composed  of  a 
grid  of  horizontal  ribbons  spaced  and  retained  at 
close  intervals  by  narrow  vertical  tapes.  Radial  tapes 
which  extend  from  the  vent  to  the  skirt  are  sewn  to- 
gether in  the  joining  of  adjacent  gores. 

The  conical  ribbon  parachute  shows  higher  drag 
than  the  flat  circular  ribbon  just  as  the  solid  cloth 
conical  parachute  does  over  the  solid  flat  parachute 
of  equal  area.  Data  for  several  specific  conical  ribbon 
parachute  and  load  configurations  are  listed  below. 

Varied  Porosity.  Unlike  other  parachutes  of  the 
conical  ribbon  classification,  the  gore  of  the  14.2  ft 
diameter  drogue  parachute  in  the  table  below  is  con- 
structed with  geometric  porosity  varied  in  three  levels, 
increasing  from  vent  to  skirt,  e.g.,  the  upper  one-third 
of  the  gore  uses  closer  spacing  and  the  lower  one- 
third,  a wider  ribbon  spacing  than  the  center  section. 

With  this  parachute,  a drag  coefficient,  CoQ  m 0.64, 
was  obtained  in  wind  tunnel  tests  without  loss  of 
stability.  However,  the  opening  load  factor  increased  ■ ■ — ~i 

(see  Table 2 2).  0.  A A 
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Hemisflo.  The  constructed  shape  of  this  canopy  is 
a spherical  surface  which  continues  15  degrees  past  a 
hemisphere  at  the  skirt  as  shown.  The  canopy  design 
retains  effective  drag  and  stability  performance  over 
the  range  from  Mach  1.5  to  2.5,  although  conical 
ribbon  parachutes  are  as  good  or  better  at  speeds 
below  Mach  1.5.  Hemisflo  parachutes  are  used 
almost  exclusively  for  drogue  applications  which 
require  stabilization  and  retardation  at  supersonic 
speeds.  Data  for  specific  configurations  are  given 
below.  The  6.0  ft  diameter  arogue  parachute  in  the 
table,  is  used  with  the  F-1 1 1 crew  capsule. 
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Ringslot.  This  parachute  exists  in  flat  and  conical 
designs.  The  canopy  is  constructed  of  wide  concen- 
tric cloth  strips  with  intervening  slots  in  a manner 
similar  to  the  assembly  of  ribbon  designs.  Fewer 
operations  are  required,  simplifying  manufacture 
and  reducing  cost  compared  with  ribbon  parachutes. 
For  overall  basic  dimensions,  see  flat  circular  and 
conical  parachute  data. 

Performance  characteristics  are  between  those  of 
the  ribbon  and  solid  cloth  types.  Ringslot  parachutes 
are  being  used  for  aircraft  landing  deceleration, 
extraction  of  air  drop  equipment  and  final  recovery 
parachutes.  Opening  reliability  is  comparable  to  rib- 
bon parachutes.  Oata  for  specific  ringslot  parachutes 
are  listed  below. 
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Ringsail.  This  parachute  design  is  complex  and 
develops  a unique  shape  from  the  ccmbination  of  a 
curved  basic  profile  and  fullness  at  the  leading  edge  of 
annular  doth  rings.  The  constructed  profile  is  a cir- 
cular arc,  tangent  to  a 15°  cone  at  the  apex  and 
tangent  to  a 55°  cone  at  the  skirt  edge.  Earlier 
designs,  including  a personnel  type  known  as  Skysail 
and  the  Mercury  main  parachute,  were  based  on  a 
quarter-spherical  profile.  The  ringsail  canopy  is 
constructed  of  wide  concentric  cloth  strips,  spaced 
apart  in  the  upper  crown  with  slots  like  the  ringslot, 
but  adjacent  over  the  remainder  of  the  canopy, 
obtaining  geometric  porosity  through  crescent-shaped 
slots  resulting  from  the  cloth  dimension  between 
radials  beihg  longer  for  the  leading  edge  of  each  sail 
than  the  trailing  edge  of  the  sail  below  it.  Geometric 
features  including  sail  fullness,  {fj  * trailing  edge  and 
f2  * leading  edge  fullness),  are  illustrated  on  this  page. 
The  determination  of  geometric  porosity  of  crescent 
shaped  slots  is  a complex  process  (see  Reference  217) 
Data  for  several  specific  parachute  and  load  configu- 
rations are  listed  below.  The  Apollo  main  parachute 
is  a modification  of  the  standard  ringsail  design,  hav- 
ing 75  percent  of  the  fifth  (of  12)  ring  removed. 
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CONSTRUCTION  SCHEMA  TIC 


Vortical  7Vu# 


FULLNESS  (0 
DISTRIBUTION 


GORE  LAYOUT 


Size  Canopy  Gaom  No. of  UneStr. 

(nylon)  ftjroaity  Gam  (nylon) 

Do> oz/yd2  \ N lbs 


Lina  Paradiute  Application 


lbs 


29.6 

1.1 

225 

14 

24 

560 

96 

11.0 

Personnel  i 

250 

275  ka. 

1&0 

Skysail 

217 

63.1 

•1.1 

225 

7.1 

/ 

48 

560 

,97 

70.0 

Mercury  ; 

2340 

150  ka 

32 

Reefed 

866 

1.1 

225 

120 

68 

660  ’ 

1,46 

146 

Apollo 

13,000 

163  ka 

31.4 

Ouster  of 
3,  Reefed 

1.1 

189.5 

225 

3.5 

156 

660 

1.18 

567 

Remrch 

20560 

153  ka 

26.0 

r> — *-  ■ 

nHBUBCl 

217 

|— 

SAIL  DETAIL 


Suapandad  Mx.  Rata  of  Comment  Ref. 
Load  Dapfcy.  Oaaoant 
(Is  Wocity  ^ 


Disk-Gap-Band.  The  canopy  is  constructed  as  a 
flat  circular  disk  and  a cylindrical  band  separated 
vertically  by  an  open  space.  A gore  consists  of  a 
triangular  top  and  rectangular  bottom  as  illustrated. 
The  disk,  gap  and  band  areas  are  53  percent,  12  per- 
cent and  35  percent  respectively  of  the  total  (nominal) 
area  S0  Data  for  a specific  disk-gap-band  parachute 
and  load  configuration  are  given  below.  Polyester 
materials  were  used  for  the  Viking  53  ft  diameter 
parachute  to  withstand  the  effects  of  heat  steriliza- 
tion and  densely  packed  storage  until  deployed  in  the 
Martian  atmosphere. 
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GORE  LAYOUT 


Sze  Geom  Canow  No.  of  LineStr.  Line  Parachute  Payload  Payload  Mm.  Rata  of  Remarks 

Porosity  (polyester)  Gores  (polyester)  Length  Wfeijfit  Wei^rt  Deploy.  Descent 

Op.  ft  \ oz/yd3  N lbs  V°o  lbs  lbs  Speed  fp, 


Rotating  Parachutes 


Rotation 


Rotation  of  carachutes  has  been  achieved  by  pro- 
viding unsymmetrical  openings  in  gores  to  create  a 
cascade  of  rotationally  identical  pitched  sails,  or  by 
assembly  of  a number  of  identical  fabric  sails  riggec 
to  provide  the  desired  pitch  and  twist.  Improvec 
parachute  performance  and  weight  efficiency  is 
obtained  in  return  for  the  added  complication  of  the 
rotational  function  and  the  need  for  a swivel  in,  the 
rigging.  Both  the  Rotafoil  and  Vortex  Ring  para- 
chutes have  a low  opening  load  factor,  good  stability 
and  high  drag.  These  parachutes  work  well  if  limited 
to  10  ft  diameter  or  smaller.  Problems  in  inflation 

and  rotation  have  occurred  with  larger  parachutes. 

i 

Rotafoil.  The  canopy  is  constructed  as  a flat 
polygon  of  gores  having  an  open  slot  on  one  side  as 
shown.  The  parachute  is  relatively  low  in  bulk  and 
weight,  not  counting  the  necessary  swivel.  Slot  areas 
should  equai  20%  S0  at  10  ft  DQ.  and  increase  to  32% 
for  very  small  rotafoils.  Data  are  given  below  for  a 
specific  rotafoil  parachute  used  as  a drogue  stage 
decelerator. 
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101 


Vortex  Ring.  The  canopy  consists  of  four  sail-like 
panels  that  rotate  about  its  apex  in  the  manner  of 
he/icopter  blades  in  autorotation.  The  panels,  unlike 
gores  of  conventional  parachutes,  are  not  stitched 
together  but  are  tailored  and  rigged  with  lines  so  as  to 
produce  a desired  distribution  of  convexity  and  pitch. 
Pitch  is  obtained  by  employing  shorter  leading  edge 
lines  than  trailing  edge  lines  from  the  junction  with 
each  suspension  line.  Data  for  specific  vortex  ring  1 
parachutes  are  given  below. 
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Low  Glide  Parachutes 

A gliding  parachute  differs  from  the  ballistic 
parachute  by  being  symmetrical  about  a plane 
through  its  axis,  introducing  a right  and  left  side  as 
well  as  a forward  and  rearward  direction  in  the  piane 
of  symmetry.  Steerable  versions  require  directional 
control  manipulation,  usually  through  movement  of 
suspension  or  separate  control  lines. 

Gliding  parachutes  vary  widely  in  canopy  planform 
and  constructed  profile  from  slightly  modified  typical 
circular  forms  to  shapes  simulating  aircraft  wings. 
Early  steerable  parachutes  were  developed  by  mod- 
ifying the  solid  flat  circular  and  extended  skirt  cano- 
pies of  man-carrying  parachutes.  Ringsail  and  ribbon 
types  have  also  been  altered  to  provide  glide  and 
steerability.  The  modification  generally  added  ex- 
haust slots,  openings  or  flaps  which  forced  part  of 
the  air  in  the  canopy  to  escape  in  a singular  direction 
normal  to  the  vertical  parachute  axis.  The' reaction 
force  caused  the  parachute'  to  move  in  the  opposite 
direction,  with  the  added  benefit  of  creating  a lift 
force  due  to  tits  f'ow  of  air  over  the  leading  curved 
surface  of  the  canopy.  Most  low-glide  parachutes  are 
made  steerable  by  opening  or  closing  slots  and  flaps 
asymmetrically,  to  create  a torque  or  turning  force. 
Opening  and  closing  of  the  flaps  is  accomplished  by 
control  lines  actuated  by  the  jumper  or  by  a guidance 
and  control  system  attached  to  the  descending  vehicle. 
The  term  low  glide  refers  to  a class  of  gliding  para- 
chutes capable  of  a maximum  glide  ratio,  {L/D)max, 
less  than  1 .0,  and  includes  the  modified  circular  types 
described  below. 

Derry  Slot.  The  Type  E-1  parachute  has  a 28  ft 
diameter  flat  circular  type  canppy  made  steerable207 
by  two  strategically  located  "Derry"  slots  positioned 
symmetrically  aft  of  the  canopy  lateral  axis,  one  on 
each  side  of  the  directional  axis.  The  slot  design 
causes  outflowing  air  to  deflect  rearward.  Control 
lines  attach  to  the  lower  edge  of  the  slots,  and  when 
either  line  is  pulled  down,  the  slot  deforms,  reducing 
the  exhaust  from  the  deformed  slot. 

The  Type  A/P28S-3  and  A/P28S-10  parachutes207 
use  a basic  MC-1  flat  extended  skirt  canopy  modified 
with  a large  elliptical  orifice  over  five  gores  of  the 
canopy.  The  main  seam  radial  tapes  cross  over  the 
opening  to  preserve  shape  and  integrity  of  the  struc- 
ture. Directional  control  is  obtained  through  a set  of 
"slip"  risers,  operated  to  warp  the  inflated  shape  of 
the  canopy. 

T & U Slot.  Numerous  circular  flat  and  extended 
skirt  parachute  types  have  been  modified  with  L,  T, 
and  double  T slots,  resulting  in  glide  ratios,  ( L/D)max 
between  0.5  and  0.7.  One  of  the  more  recent  gliding 


Figure  Z6  MC-t-tB  Parachute 


parachutes  is  a seven  gore  TU  slot  design  used  by 
paratroops,  illustrated  in  Figure  2.6. 

Medium  Glide  Parachutes 

Gliding  parachutes  capable  of  glide  ratios  between 
1 .0  and  2.0  are  classified  as  medium  glide  designs. 

LeMoigne.  A developed' sports  parachute  invented 
by  LeMoigne  of  France,  has  a retracted  apex  and 
employs  a succession  of  rearward  directed  slots  to 
attain  effective  glide  and  steerability.  An  American 
version  of  the  LeMoigne  sport  parachute  is  the  "Para 
Commander"  shown  in  Figure  2.7.  This  parachute 
develops  a maximum  glide  ratio  of  approximately  1.2. 
The  "Parasail”  parachute  is  a larger  version  of  the 
LeMoigne  type  developed  during  the  Gemini  Program. 


Figure  27  The  LeMoigne  Parachute 
High-Glide  Parachutes 

The  term  high-glide  refers  to  parachutes  with  glide 
ratios  greater  than  2.0.  These  parachutes  are  charac- 
terized by  airfoil  type  canopy  cross-sections  and  wing 
type  planforms.  A wing-like  shape  with  low  porosity 
material  creates  a rather  flat  single  or  double  mem- 
brane canopy.  Typical  high-glide  parachutes  are  the 
Parawing,  originated  by  Rogallo  , the  Parafoil, 
invented  by  Jalbert  and  further  developed  by 
Nikolaides219,  the  Sailwing  developed  by  Barish 
and  the  Volplane  developed  by  the  Pioneer  Parachute 
Company. 

The  Parawing  and  Seilwing  are  single  membrane 
canopies.  The  Parafoil  has  a ram-air  inflated,  double 
membrane  airfoil  cross-section.  Approximately  one- 
third  of  the  chord  length  of  the  Volplane  is  a double 
membrane,  ram-air  inflated,  airfoil  leading  edge.  All 
high-glide  parachutes  are  equipped  for  steering  by 
means  of  wing  tip  or  trailing  edge  lines.  Pulling  the 
lines  creates  either  aileron  or  spoiler  effects,  or  wing- 
tip  angle  pf  attack  changes.  A certain  amount  of 
glide  control  for  steepening  or  flattening  the  glide 


path  and  for  flare-out  is  practiced  by  sport  ;umpers. 
To  obtain  such  modulation  with  remote  steering  or 
with  a fully  automatic  navigation  and  landing  system 
has  proven  difficult.  The  control  forces  and  control 
line  movements  are  high  compared  to  aircraft  type 
controls  and  are  in  the  range  of  4 to  C percent  of  the 
total  resultant  aerodynamic  force  acting  on  the  can- 
opy. Such  forces  can  be  handled  easily  by  jumpers 
but  require  considerable  electrical  power,  control  line 
movements  and  a weight  penalty  for  large  high-glide 
parachutes  used  with  vehicles  of  several  thousand 
pounds  weight.  Reference  220  which  describes  the 
development  of  a ground  controlled  high-glide  para- 
chute system  for  the  landing  of  a 6000  lb  spacecraft 
points  out  some  of  the  difficulties  involved. 

Another  characteristic  of  high-glide  parachutes  is 
the  high  peak  opening  force  caused  by  the  low  poros- 
ity material  used  for  the  canopies.  Wind  tunnel  tests 
show  opening  loads  are  nearly  50  percent  higher  than 
those  experienced  with  solid  circular  flat  parachutes. 
Controlling  peak  forces  usually  requires  multiple  reef- 
ing for  large  systems  in  order  to  stay  within  allowable 
limits  of  vehicle  load  and  parachute  weight.  Many 
sport  jumpers  use  reefing  for  decreasing  the  opening 
force  even  at  relatively  low  jump  speeds. 

Aircraft  wing  terminology  has  been  adopted  for 
high  performance  gliding  parachutes.  It  is  convenient 
to  relate  the  aerodynamic  forces  to  the  flat  planform 
area  of  the  lifting  surface,  Sw.  Since  S0  includes  the 
area  of  all  fabric  surfaces  in  the  canopy,  the  ratio 
Sn*®o  '*  indicative  of  the  effectiveness  with  which 
the  fabric  is  used  to  create  the  lifting  surface.  The 
weight  of  the  canopy  tends  to  be  proportional  to  the 
inverse  ratio  Sq/S^ 

Aspect  ratio  is  a significant  parameter  affecting 
the  aerodynamic  performance  of  gliding  parachutes. 
Aspect  ratio  is  a measure  of  slenderness  of  the  wing 
planform,  determined  by  the  equation 

where  b * wing  span.  An  increase  in  aspect  ratio  of 
the  canopy  increases  the  glide  ratio  of  a gliding  para- 
chute. Increasing  the  aspect  ratio  also  introduces 
deployment  and  canopy  opening  complexities,  espe- 
cially on  large  parachutes. 
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Parawing,  Single  Keel.  The  canopy  is  fabricated 
from  two  flat  isosceles  triangles  joined  with  vertex 
forward  and  short  side  trailing  as  shown.  The  joined 
sides  form  a keel  along  the  center  line  of  symmetry. 
The  reference  construction  dimension,  Or.  is  the  keel 
iength  *.  However,  the  point  of  the  canopy  is  tucked 
under,  thus  forming  an  airfoil  type  leading  edge. 
Suspension  lines  are  attached  along  me  keel  and  the 
two  leading  edges.  The  length  of  the  suspension  lines 
varies  chcrdwise  in  order  to  position  the  canopy  at  an 
angle  of  attack  to  the  flight  path.  The  strength  of 
suspension  lines  also  varies  with  location  and  share  of 
canopy  loading.  This  variation  in  line  length  and  in 
line  strength  complicates  fabrication,  packing  and 
deployment.  Changing  the  glide  ratio  in  flight  by 
changing  the  angle  of  attack  is  difficult.  Steering 
control  i$  obtained  by  pulling  either  wing  tip  to  turn 
in  that  direction.  Parawings  are  used  as  steerable 
high-glide  sport  parachutes  and  have  been  tested 
successfully  with  large  loads  to  a size  of  4000  ft1  ana 
wing  span  of  107  feet.  Jumpers  obtain  a limited  glide 
modulation  by  manipulating  both  wingtips  and  keel 
lines.  This  is  difficult  to  obtain  on  larger  systems  due 
to  the  weight  and  complexity  of  the  required  control 
system. 


Dc  - (S^/0.692)'A 
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Lint  Location  and  Langth  Distribution 


Parawing,  Twin  Keel.  The  canopy  is  fabricated 
from  two  flat  isosceles  triangles  wjth  a rectangular 
panel  between,  as  shown.  Identical  ' eels  are  formed 
where  the  sides  of  the  rectangle  join  the  triangles. 
The  reference  construction  dimension,  Dc,  is  length 
of  the  canopy  centerline  from  the  trailing  edge  of  the 
rectangle  to  the  point  of  intersection  with  the  projec- 
ted leading  edge  lines.  The  front  of  the  rectangle  is 
rounded  to  form  an  airfoil-like  leading  edge. 

The  twin  keel  Parawing  performs  with  slightly 
oetter  glide  ratio  than  the  single  keel  version,  largely 
due  to  its  higher  aspect  ratio.220  Other  versions  of 
twin  keel  Parawings  have  been  tried  which  varied  the 
rectangle  width  and  shape  (to  trapezoid)  registering 
improved  performance  in  some. 


CONSTRUCTION  SCHEMATIC 


Parafoil.  The  canopy  is  constructed  in  the  form  of 
a rectangular  wing  with  an  upper  and  lower  surface 
held  in  place  by  spaced  internal  ribs  that  form  box- 
type  airfoil  shaped  cells.  During  operation;  these  cells 
are  ram-air  inflated  through  openings  in  the  leading 
edge.  The  suspension  lines  attach  with  a system  of 
triangular  flares  to  the  underside,  thus  providing  a 
form  keeping  system  for  load  distribution  into  the 
vertical  ribs.  This  design  results  in  a good  aerodynam- 
ic shape  but  is  penalized  by  material  not  contributing 
directly  as  lifting  surface.  It  is  easy  to  increase  aspect 
ratio  on  this  design  and  thereby  improve  glide 
performance  if  within  limits  which  preserve  reliable, 
uniform  inflation.  Turn  control  is  obtained  by  lines 
attached  to  the  trailing  edges  creating  an  aileron  type 
of  effect.  Parafoil  designs  are  in  use  for  sport  jump- 
ing. Large  Parafoils  Up  to  3200  ft2  and  aspect  ratios 
of  2.0  have  been  tested  by  the  Air  Force.  All  com- 
ments concerning  high  opening  loads  and  complexity 
of  ground  and  automatic  flight  control  of  Parawings 
apply  equally  well  to  Parafoils. 
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Sailwing.  The  Sailwing  ic  a single  membrane  wing- 
like parachute  fabricated  from  low  porosity  textile 
material.  The  canopy  surface  is  rectangular  with  an 
aspect  ratio  of  3 or  better.  The  forward  edge  of  the 
wing  is  pulled  under  by  means  of  tabs  and  short  lines 
to  give  an  airfoil  type  leading  edge.  Large  triangular 
flares  are  attached  to  the  wing  tips  and  along  several 
chord  lines  extending  approximately  one-third  the 
distance  to  the  suspension  line  confluence  point. 
These  flares  give  the  canopy  a scallop-like  appearance 
illustrated  in  Figure  2.8.  They  provide  directional 
stability  and  support  inflation.  Steering  control  is 
manipulated  by  wing  tip  lines.  Characteristics  typical 
of  high-glide,  high  aspect  ratio,  low  porosity  textile 
parachute  apply  to  Sailwing,  which  has  been  success- 
fully tested  up  to  man-carrying  sizes. 


FI  gun  2.8  Sailwing 


Figure  2.9  Volplane 

Volplane.  The  Volplane  has  an  airfoil  canopy  with 
a ram-air  inflated  front.  The  lower  surface  of  the 
airfoil  ends  at  30  to  40  percent  of  the  chord  length. 
Openings  at  the  leading  edge  and  multiple  cell 
construction  provide  an  inflated  front  part  of  the 
wing-like  parachute.  The  suspension  lines  are  attach- 
ed by  means  of  flares  along  the  chord  lines.  General 
design  and  turn  control  is  similar  to  the  Parafoil. 
Control  lines  attached  to  multiple  points  at  outside 
trailing  edges  deform  the  canopy  and  induce, a turn 
toward  the  side  where  the  lines  are  pulled.  Low  poro- 
sity material  is  used  throughout. 
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DECELERATORS  OTHER  THAN  PARACHUTES 

Although  parachutes  are  an  efficient  form  of 
deployable  aerodynamic  deceierator  for  the  majority 
of  recovery  requirements,  applications  exist  in  which 
balloon  type  and  rotor  type  devices  have  special 
advantages.  These  advantages  usually  appear  at  the 
fringe  of  conditions  compatible  with  reliable  opera- 
tion of  parachutes.  Inflation  may  be  uncertain  at 
very  low  air  densities,  or  high  frequency  flutter  may 
occur  at  hypersonic  speeds  in  combination  with  high 
temperatures  generated  by  aerodynamic  heating 

In  the  following  paragraphs,  the  geometric  and 
performance  features  of  established  inflatable 
envelopes  and  blade  type  rotating  deceierators  are 
described. 

Bailoon  Types 

Inflatable  closed-envelope  deceierators  evolved 
from  early  experiments  with  tow jd  spherical  balloons. 
The  sphere  provided  a high  dra^  blunt  body,  and  was 
fabricated  from  material  with  very  low  porosity  in 
order  to  stay  inflated  from  a stor.  d gas  source. 

The  investigations  of  various  configurations222 
were  first  conducted  to  test  deployment  up  to  Mach  4 
at  200.000  feet,  and  later  up  to  Mach  10  between 
120.000  and  200,000  feet  altitude.  A "burble  fence" 
was  incorporated  to  provide  flow  separation  for  sub- 
sonic stability.  The  fence  was  a tubular  ring  affixed 
to  the  balloon  iust  aft  cf  the  sphere's  maximum 
diameter  as  shown  in  Figure  2.10  Suspension  lines 
extended  over  the  top  of  the  sphere  and  around  the 
radials.  leaving  the  balloon  surface  from  the  point  of 
tangency  to  the  line  confluence  point 


Figure  2 10  Balloon  Deceierator 


Ballute.  The  trailing  spherical  balloon  as  a decei- 
erator became  known  as  a "Ballute"  and  has  evolved 
to  a more  uniformly  stressed  shape,  shown  in  Figure 
2.1 1 , which  incorporates  the  cone  of  suspension  lines 
into  radial  members  of  the  balloon  forward  surface. 
The  compressed  gas  supply  was  replaced  by  ram-air 
inflation  to  minimize  installed  weight.  Air  scoops 
forward  of  the  Ballute's  maximum  diameter  provide 
air  inlets  for  inflation  and  ram  pressure  to  fill  and 
maintain  its  final  shape. 


.574  .45 

■425  .35  CONSTRUCTION 

.312  .25  PROFILE 

.202  .15 

.0825  .05 


Figure  r.11  Ballut*  Geometry 

Attached  Inflatable*.  These  deceierators  are  bal- 
loon types  connected  directly  to  the  base  of  the 
vehicle  without  an  intermediary  riser  or  tethered  sus- 
pension. Provisions  for  deployment  may  involve  an 
inflation  source  or  projection  of  ram-air  inlets  into 
the  airstream.  Attached  inflatable  deceierators  appli- 
ed to  bluff  bodies 223  are  illustrated  in  Figure  2.12. 
Another  attached  balloon  type  drag  augmentor  is 
shown  in  Figure  2^13  which  deploys  from  a low  drag 
vehicle  and  inflates  with  ram-eir  22* 
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Figun  ?.  12  Attached  Inflatable  Deceleraton 


Figure  213  Ram-Air  Inflated  Declarator 

Paravulcoon.  A unique  concept  employs  this 
balloon  decelerator  in  a final  stage.  After  the  vehicle 
has  been  retarded  to  a velocity  at  which  the  balloon 
envelope  is  deployed,  the  Paravulcoon  inflates  and 
the  air  within  its  envelope  is  heated  to  transform  it 
from  a decelerator  into  a true  aerostat.  Figure  2.14. 

Rotor  Slade  Type* 

In  its  simplest  form  the  rotor  decelerator  consists 
of  a pair  of  rigid  au’ogiro-type  blades  mounted  on  a 
rotor  hub  with  provisions  for  folding  the  blades  aft 
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into  the  trailing  position  for  stowage  and  deploy- 
ment. Also  on  the  hub  is  a mechanism  to  ensure 
synchronous  unfolding  of  the  blades  from  the  stowed 
position,  into  the  normal  operating  position.  Since 
autorotational  spin-up  occurs  during  the  deployment 
sequence,  synchronization  of  blade  extension  is 
essential  to  the  maintenance  of  dynamic  balance,  i.e., 
to  prevent  eccentric  gyrations  of  destructive  ampli- 
tude. Figure  2.15  shows  the  stowed  and  deployed 
arrangement  of  a rotor  having  two  rigid  blades.  Details 
of  a Rotochute  test  vehicle  which  incorporates  all  the 
features  of  a rotor  ixovery  system,  and  detailed 
theoretical  and  experimental  investigation  of  a four- 
bladed  stored  energy  rotor  recovery  system  are 
reported  in  Reference  228. 

Other  concepts,  some  tested  experimentally,  em- 
body telescoping  rigid  blades,  or  stowable  flexible 
blades.  The  flexible  designs  include  thin  sheet  metal 
blades  capable  of  being  rolled  into  coils  against  the 
hub,  single-surface  fabric  blades  with  ballasted  tips, 
and  tubular  inflatable  fabric  blades.  Synchronization 
of  the  extension  of  such  blades  during  spin-up  has 
proven  difficult  in  practice. 
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CHAPTER  3 


COMPONENTS  AND  SUBSYSTEMS 


Components  other  than  deed  era  tort  are  described  which  form  the  subsystems  of  a total  recovery  system. 
Major  categories  are  the  decelerator  subsystem,  control/actuation  subsystem  and  termination  phase  subsystem. 
Within  each  of  these  general  headings  there  are  various  subsystem  types.  For  instance,  the  decelerator  subsystem 
could  feature  a parachute,  a rctor  or  a gas  pressure  inflated  balloon  design,  or  the  termination  phase  subsystem 
might  incorporate  a retrorocket  or  an  airbag  landing  energy  absorber.  Each  individual  subsystem  would  consist  of 
its  unique  major  components  and  related  supporting  elements. 

Operational  features  of  recovery  system  components  are  developed  with  consideration  for  high  reliability,  safe- 
ty, and  efficiency  in  terms  of  low  weight  and  minimum  volume.  Many  of  these  components  have  evolved  over 
tong  periods  of  operational  use,  changing  when  necessary  to  meet  new  requirements.  In  the  following  sections, 
components  associated  with  specific  subsystem  types  are  described  However,  there  are  many  qualified  compo- 
nents available  from  various  suppliers  which  are  not  included.  Only  a representative  listing  is  given  of  typical 
items  currently  used  in  recovery  applications. 


CONTROL/ ACTUATION  SUBSYSTEMS 

The  components  which  control  and  activate  recov- 
ery sequences  make  up  the  control /actuation  subsys- 
tem. A single  item  often  provides  the  only  control 
function  needed,  that  of  initiating  deployment  which 
results  in  an  automatic  sequence  of  recovery  events, 
e.g.,  a ripcord  on  a personnel  parachute  pack  or  a 
static  line  on  an  airdrop  load.  For  some  applications 
the  control /actuation  subsystem  could  consist  of  a 
variety  of  electrical,  hydraulic,  pneumatic,  pyrotech- 
nic and  mechanical  items  with  associated  wiring, 
tubing  or  interconnecting  hardware.  A typical  group 
would  include  a sat  of  sensors,  timers,  initiators  and 
actuators,  disposed  in  an  arrangement  that  is  effective 
for  its  functional  requirements  and  efficient  in  terms 
of  limiting  the  weight,  volume  and  cost  added  to  the 
vehicle.  The  use  of  pyrotechnic  items  introduces  a 
special  concern  for  safety  of  the  system  and  caution 
in  the  procedures  which  control  handling  and  installa- 
tion of  cartridges  and  other  explosive  devices. 

When  a hydraulic  or  pneumatic  system  exists  in  a 
flight  vehicle,  it  is  sometimes  expedient  to  add  com- 
ponents to  perform  recovery  functions  using  available 
fluid  or  gas  pressure  and  accumulator  capacity  from 
the  vehicle  primary  subsystem.  Similarly,  vehicle 
electrical  power  is  often  used  to  energise  recovery 
control  functions;  however,  an  independent  electrical 
source  may  be  required  in  the  event  of  vehicle  power 
failure.  The  components  described  in  this  section 
include  common  items,  some  of  which  are  used  in 
complex  recovery  systems,  such  as  manned  spacecraft 
subiect  to  various  abort  modes.  To  properly  orient 


the  different  categories  of  control  components,  two 
examples  of  representative  functional  sequences  are 
presented  in  the  first  part  of  the  section.  Compo- 
nents are  described  in  the  paragraphs  which  follow, 
under  the  general  categories  of  control  components 
and  actuating  components. 

Control/Actuation  Subsystem 

Consideration  of  a representative  recovery  se- 
quence such  as  that  diagrammed  in  Figure  3.1  helps 
to  clarify  the  types  of  control/actuation  subsystem 
functions  required  in  a single-mode  recovery  system. 
This  set  of  components  executes  one  sequence  of 
events  at  whatever  speed  and  altitude  conditions  pre- 
vail upon  receipt  of  the  recovery  initiation  signal.  In 
the  diagram,  the  first  column  identifies  the  required 
control  functions.  The  second  column  lists  the  ac- 
tions required  to  perform  the  functions  listed  in 
column  one.  The  third  cplumn  lists  typical  control/ 
actuation  hardware  used  to  perform  the  required 
functions.  The  system  could  apply  to  a high-speed 
target  drone  th8t  is  normally  recovered  by  radio  sig- 
nal command  given  at  the  end  of  a planned  flight  at 
known  speed  and  altitude  conditions  The  system  is 
also  designed  to  recover  the  vehicle  when  a fail  safe 
sensor  in  tiates  automatic  recovery  if  engine  power  is 
lost ’or  if  any  one  of  several  other  flight  termination 
conditions  occur.  Other  fail  safe  initiation  conditions 
might  include  loss  of  command  radio  carrier,  loss  of 
electrical  power,  or  loss  of  flitftt  stability.  The  one- 
second  delay  relay  prevents  false  signals  from  causing 
inadvertent  recovery.  A recovery  signal  ejects  the 
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drogue  and  starts  the  timer  whifcY:  operates  on  an 
independent  batten,  or  the  vehidfe  power  source. 
The  control  functions  follow  in  a ^preset  sequence. 

A variation  of  this  sequence  could  be  obtained  by 
using  two  timers  and  placing  a baroswitch  in  series 
with  the  drogue  interval  timers.  Then  above  a preset 
maximum  altitude  desired  for  main  parachute  deploy- 
ment, disconnect  of  the  drogue  will  be  delayed  until 
the  system  has  oescended  to  that  altitude.  The 
second  timer  would  then  be  started  by  the  main  de- 
ployment signal  (and  drogue  disconnect)  to  sequence 
the  desired  functions  after  the  main  parachute  is  fully 
inflated. 

A more  complex  control/actuation  subsystem,  a 
multi-mode  concept  to  provide  for  several  in-flight 
abort  possibilities,  is  shown  by  the  diagram  of  Figure 
3.2.  The  example  applies  to  a lifting  body  shaped 
one-man  escape  capsule  from  a design  study226  The 
total  spacecraft  was  intended  for  launch  to  a 200-mile 
orbit  and  return  with  normal  landing  on  airstrips 
without  deployment  of  the  emergency  system. 
Conditions  considered  in  the  design  of  the  escape  and 
recovery  system  were  the  following  abort  modes: 

A.  off-pad  and  early  boost 

B.  during  boost  above  50,000  ft 

C.  during  late  launch  phase 

D.  escape  from  orbit 

E.  after  deorbit  retrofire 

F.  during  reentry,  and 

G/H  at  low  altitude  during  glide  and  landing 

Control  Components 

Components  required  to  provide  control  functions 
may  include  power  sources;  event  times,  and  acceler- 
ation and  pressure  switches.  Switching  relays,  diodes 
and  fuses  are  also  incorporated  in  mahy  electrically 
operated  recovery  control  subsystems. 

Po*m  Souittt  Electrical  power  variability  in 
military  aircraft,  drones,  missiles  and  spacecraft  varies 
in  type  and  power  facfors.  Twenty  eight  volt  ac  or  dc 
svstems  are  usually  available.  Items  requiring  heating 
or  energizing  may  require  an  independent  source  of 
power,  particularly  if  the  payload  being  recovered 
separates  from  the  primary  power  source  dr  as  a back- 
up source  in  the  event  of  primary  power  failures. 
Batteries  of  various  types  and  sizes  have  been  used, 
depending  upon  the  current  requirements  and 'the 
duration  of  demand.  Other  considerations  including 
the  operating  temperature  range, anjJ  the  length  of 
time  from  installation  of  the  t^iareefl  battery  to  use 
without  recharging  may  ftlflu'jykeTjte  choice  of  a 
battery  type  * ‘ f' 


Storage  Batteries.  High  efficiency  storage  batteries 
using  alkaline  electrolytes  have  been  used  as  inde- 
pendent power  sources  for  many  recovery  systems. 
Two  basic  types  are  available!  nickel-cadmium  bat- 
teries and  silver-zinc  batteries.  Both  types  haste  the 
characteristics  of  hiqh  current  discharge  capability, 
operation  at  temperatures  down  to  -60° F,  leak-proof 
sealed  cases,  and  longlife.  The  individual  cell  voltage 
is  nominally  1.2  volts  for  the  nickel-cadmium  type 
and  1.5  for  the  silver-zinc  type. 

Reserve  Cells.  For  certain  uses,  shelf-life  of  many 
years  without  maintenance,  followed  by  a short-term 
usage  cycle  dictates  use  of  a power  source  known  as  a 
reserve  cell  or  thermal  battery.  In  this  type  of  batr 
tery,  the  plates  are  pre-charged  and  the  electrolyte  is 
stored  separately  in  an  internal  breakable  capsule- 
Upon  actuation  (generally  by  lanyard  pull),  a pyro- 
technic cartridge  within  the  cell  fires,  breaking  the 
electrolyte  capsule,  dispensing  the  electrolyte  through- 
out the  cell  and  heating  the  cell  to  a high  temperature 
(above  200°F). 

Because  of  the  high  temperature,  a small  battery 
of  this  type  generates  a high  voltage  and  current 
capacity  until  it  cools  down.  The  relative  high  cost  of 
the  reserve  cell  when  compared  to  the  larger  recharge- 
able alkaline  storage  batteries  has  inhibited  wide- 
spread use  of  the  reserve  cell. 

Salt  Water  Batteries.  Payloads,  which  touch 
down  at  sea  often  require  power  to  operate  post- 
landing recovery/location/retrieval  devices.'  Salt  wat- 
er switches  and  salt  water  batteries  are  used  to  close 
electrical  circuits,  power  parachute  disconnects,  initi- 
ate inflation  of  flotation  gear  and  power  radio  or 
flashing  light  beacons.  Salt  water  batteries  consist  of 
two  or  more  metal  plates,  slightly  separated  in  a case' 
with  ports  to  provide  free  flow  of  sea  water. 

After  several  hours  of  operation,  salt  water  batter- 
ies may  decrease  their  output  because  of  an  accumu- 
lation of  gas  bubbles  or  a layer  of  chemical  deposit  on 
the  plates.  Special  provisions  must  be  made  to  pre- 
vent such  an  accumulation  if  more  than  a few  hours 
of  operation  are  needed. 

Timing  Dtvictt  A "timer"  is  any  device  which 
controls  the  elapsed  time  between  a start  signal  and 
an  action  such  as  a switch  closure  or  mechanical  dis- 
placement to  initiate  an  event  A common  type  of 
timer  is  electro-mechanical,  a switch  bank  driven  by 
clock  spring  or  electric  motor.  Thermal  delay  switch- 
es afe  another  type  of  timer  which,  when  electric 
current  is  applied,  operate  on  the  bimetal  spring 
■principle  to  close  after  an  elapsed  interval.  Still 
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Figure  3.2  Control  Subsystem  Diagram  for  Emergency  Recovery  of  Space  Capsule 
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another  is  the  pyrotechnic  delay  train  as  used  in  reef- 
ing line  cutters  and  pyrotechnic  time  delay  switches. 
A simple  mechanical  delay  latching  device  may  use  a 
dash-pot  principle  for  delaying  release  or  engagement 
of  a latch.  This  principle  is  used  for  a screw-driver 
adjustable,  lanyard-initiated  time  delay  switch.  Elec- 
tronic delay  timers  employing  resistance/capacitance 
circuits  are  commonly  used  to  produce  reliable  and 
accurate  timing  for  an  event  controller. 

Switching  Devices.  Operation  of  various  recovery 
syste  .•  stages  at  discrete  operational  conditions  calls 
for  use  of  appropriate  switching  devices.  Among  the 
transient  conditions  under  which  recovery  system 
staging  may  be  desired  are  acceleration,  altitude,  and 
dynamic  pressure  and  distance  above  ground.  A list 
of  such  recovery  system  operating  conditions  and 
related  sensor  switches  is  given  below: 


Condition  Sensed 

Switching  Device 

Pressure  Altitude 

Barometric  pressure  switch 

Dynamic  pressure 

Differential  pressure 
switch 

Fluid  pressure 
(engine  oil) 

Fluid  pressure  switch 

Loss  of  electrical 

Magnetic-hold  relay 

power 

Pre-touchdown 

Contact  probe 

height 

Absolute  terrain 
clearance 

Radar  altimeter  switch 

Landing  impact 

Inertia  (acceleration) 
switch 

Sea  water  immersion 

Salt  water  switch 

Relaxation  of  load 

Spring  release 

Pressure  Switches.  Many  control/actuating  subsys- 
tem components  operate  on  a change  in  pressure 
whether  working  in  a gaseous  or  liquid  medium. 
Pressure  switches  employ  a diaphragm  (or  bellows)  to 
convert  a change  in  pressure  into  diaphragm  move- 
ment. This  motion  is  then  used  to  operate  the  con- 
tacts of  an  electrical  switch  of  a mechanical  pawl  at  a 
selected  threshold  level. 

Altitude  Switches.  Altitude  sensors  generally  de- 
pend on  a diaphraqm  or  bellows-type  aneroid  (a  seal- 
ed cell)  which  expands  during  ascent  and  contracts 
during  descent  according  to  ambient  pressure.  After 
the  aneroid  has  moved  a predetermined  distance, 
which'  occurs  at  a specific  pressure  altitude,  a switch 
^.-  closes  in  a circuit  connecting  an  electrical  power 
source  with  an  initiator  of  the  controlled  device. 

Altitude  switches  (barometric  switches)  are  fre- 
quently used  to  initiate  deployment  of  first  or  final 


stage  decelerators  in  a descending  mode.  They  may 
also  be  used  to  arm  a circuit  in  the  ascending  mode. 
A variety  of  baroswitches  are  commercially  available 
with  adjustable  or  fixed  settings.  As  a pressure  sensor 
operating  over  a limited  absolute  range,  their  sensitiv- 
ity and  accuracy  are  influenced  by  the  size  and  flex- 
ing characteristics  of  the  diaphragm  or  bellows  used. 

Dynamic  Pressure  Switches.  Change  in  dynamic 
pressure  is  used  in  some  recovery  systems  to  signal 
either  the  deployment  of  a first  stage  decelerator  or 
separation  of  a decelerator  and  deployment  of  a sub- 
sequent stage  parachute.  Since  dynamic  pressure  is 
the  difference  between  impact  pressure  and  static 
(ambient)  pressure,  a dynamic  pressure  switch  senses 
the  difference  between  impact  pressure  on  one  side 
of  the  diaphragm  and  static  pressure  on  the  other 
side.  If  the  payload  is  not  perfectly  stable  aerody- 
namically,  care  must  be  taken  in  locating  the  static 
orifices  to  prevent  them  from  sensing  impact  pres- 
sure. Where  vehicle  attitude  cannot  be  predicted, 
several  static  orifices  at  different  locations  are  con- 
nected to  an  averaging  plenum  chamber.  Static  pres- 
sure for  the  pressure  switch  is  then  picked  up  from 
the  plenum  chamber. 

Acceleration  Switches.  Acceleration  switches 
characteristically  operate  on  the  principle  of  a sus- 
pended mass  moving  against  the  reaction  of  a spring. 
At  a predetermined  movement  of  the  mass,  an  elec- 
trical contact  is  closed  or  a mechanical  pawl  is  trip- 
ped. A continuous  measurement  of  acceleration  or 
deceleration  can  also  be  obtained  by  employing  a 
strain-gage  wire  as  the  spring.  Acceleration  of  the 
mass  in  this  sensor  is  converted  to  a tensile  force  on 
the  strain  gage  which  in  turn  changes  resistance  as  its 
length  is  changed.  Used  as  an  active  arm  of  a Wheat- 
stone bridge  circuit,  the  resistance  of  the  strain-gage 
wire  is  calibrated  to  read  in  units  of  G (acceleration 
of  gravity). 

Initiating  Devices.  An  initiator  is  a subsystem 
component  which  starts  an  irreversible,  but  some- 
times arrestable,  recovery  function  or  event.  In  a 
direct  sense,  the  term  "initiator"  is  usually  used  to 
identify  an  element  containing  a pyrotechnic  charge, 
such  as  an  electrically  or  mechanically  triggered  car- 
tridge, a primer  or  detonator.  Electrical  cartridges, 
primers  and  detonators  are  commercially  available, 
either  as  a metal  jacketed  charge  with  insulated  wire 
leads  projecting  from  the  base,  or  in  the  form  of  a 
threaded  metal  cartridge  with  a standard  electrical 
connector  fitting. 

The  term  "initiators"  may  be  applied  to  non-pyro- 
technic  items  including  a ripcord  assembly  of  a per- 
sonnel parachute  pack,  a lock-pin  with  an  extraction 


lanyard  which  frees  a pilot  chute,  an  electromagnetic 
latch  which  frees  a recovery  compartment  cover,  or  a 
solenoid  flood  valve  which  frees  compressed  gas  in  a 
storage  ,'essel  to  inflate  airbags  or  flotation  devices. 

Cartridges.  A cartridge  is  a small,  electrically  fired 
pyrotechnic  device  used  to  ignite  a larger  propellant 
charge  such  as  a rocket  igniter.  A cartridge  also  pro- 
duces a gas  pressure  when  ignited,  which  may  be  used 
to  initiate  a mechanical  function.  A typical  cartridge 
is  shown  in  Figure  3.3,  consisting  of  a cylindrical 
metal  body  \vith  a two  or  four  pin  electrical  connect- 
or at  one  end  and  a thin  metal  closure  disc  at  the 
other  end.  The  electrical  pins  protrude  through  the 
back  of  an. insulating  disc  that  forms  the  base  of  the 
connector  and  extends  into  the  interior  of  the  car- 
tridge. A small-diameter-high  resistance  wire  known 
as  a "bridgewire"  is  welded  or  soldered  across  two 
pins.  Dual  bridgewires  are  connected  to  the  pins  of  a 
four  pin  connector.  The  bridgewire  is  coated  with  an 
ignition-sensitive  explosive  mix  called  "match-head 
compound"  formed  in  a bead  and  surrounded  by  a 
pressed  pyrotechnic  charge.  An  ignition  mix  of  pow- 
der surrounds  the  bridgewires.  A booster  or  primer 
charge  is  usually  located  adjacent  to  the  ignition  mix 
and  this  is  followed  by  an  output  charge.  A primer 


or  a detonator  is  constructed  in  the  same  way,  bu1 
the  explosive  composition  is  designed  to  create  ; 
shock  output  that  will  set  off  detonation  in  a high  ex 
plosive. 

Safing  and  Arming  Control/actuation  subsystems 
which  employ  pyrotechnic  or  electrical  components 
are  usually  designed  with  one  or  more  safing  or  arm- 
ing provisions.  In  most  cases,  a pre-takeoff  arming 
function  is  included,  and  in  addition,  a launch  arming 
function  can  be  used. 

Electrically  operated  control/actuation  subsystems 
may  be  disarmed  during  ground  operations  by  means 
of  a manually  actuated  open/close  battery  power 
switch.  A versatile  safing/arming  arrangement  is  the 
use  of  a multiple-pin  electrical  connector.  By  routing 
power  cables  arid  pyro  firing  wires  to  the  connector, 
the  actuator  circuits  can  be  grounded,  opened  or 
closed  when  a suitably  wired  mating  connector  is 
installed. 

For  safing.  the  mating  connector  opens  the  power 
circuits  and  shorts  the  pyro  circuits  to  ground.  For 
arming,  the  mating  connector  closes  the  power  cir- 
cuits and  lifts  the  pyro  circuits  from  ground. 

Secondary  safing/arming  functions  after  take-off 
may  be  accomplished  in  several  ways.  In  vehicles 
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. Figure  3.3  Typical  Cartridge  Configuration 
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that  are  air-launched  from  a carrier  aircraft,  an  elec- 
trical signal  from  the  aircraft  can  close  a latching 
relay  in  the  recovery  controller  or  can  start  an  arming 
timer.  An  alternative  method  that  is  often  used  in- 
corporates a normally  closed  lanyard  operated  switch. 
When  the  vehicle  separates  from  the  carrier  aircraft,  a 
lanyard  is  withdrawn  from  an  arming  switch  in  the 
controller  circuits.  For  ground  launched  vehicles,  a 
position  switch  and  mechanical  or  electrical  timer 
may  be  used  to  arm  the  controller  after  lift  off. 

Actuating  Components 

An  actuator  is  a device,  activated  by  a controller 
or  initiator,  to  cause  a major  recovery  function  such 
as  forced  parachute  deployment,  parachute  pack 
opening,  staged  inflation  (reefing)  or  parachute  dis- 
connect. 

Deployment  Actuating  Devices.  Deployment 
actuating  devices  constitute  a special  class  of  recovery 
system  actuators  designed  specifically  to  mechanical- 
ly initiate  the  operation  of  an  aerodynamic  decelera- 
tor,  including  pilot  chutes,  extraction  parachutes, 
drogues  or  main  parachutes. 

Among  the  commonly  used  deployment  actuators 
are: 

A coiled  metal  spring  integrated  with  pilot- 
chute  structure 

Gravity  pendulum  hold  extraction-chute  pack 
at  rear  of  cargo  aircraft  rigged  for  airdrop 
Spring  or  elastomer-powered  catapult 
Deployment  gun  or  drogue  gun  (sometimes 
called  slug-gun) 

Ejector  Bag  (sometimes  called  blast-bag) 

Thruster  powered  by  propellant  cartridge  or 
compressed  gas  supply 
Telescoping  catapult  guns 
Tractor  rockets 

Drogue  Deployment  Gun.  Many  recovery  systems 
deploy  a first  stage  drogue  decelerator  or  pilot  chute 
by  means  of  a "drogue  gun".  A piston  weighing  from 
1/4  pound  to  one  pound  (depending  on  the  weight  of 
parachute  to  be  deployed)  is  propelled  from  the  pay- 
load  at  a muzzle  velocity  of  100  to  300  fps  (depend- 
ing on  dynamic  pressure  and  attitude  at  deployment). 
A lanyard  or  bridle  from  the  "slug"  (piston)  tows  the 
parachute  along  behind.  Usually  the  parachute  is 
enclosed  in  a deployment  bag  which  continues  with 
the  slug  to  separate  from  the  inflated  parachute. 
Figure  3.4  shows  a representative  drogue  deployment 
gun  design. 
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Figure  3.4  Deployment  Gun 

Deployment  Mortar.  Where  parachute  compart- 
ment location  or  payload  instability  present  the  pos- 
sibility of  decelerator  deployment  in  a cross-wind  or 
into  the  wind  direction,  a deployment  mortar  is 
usually  used  to  achieve  orderly,  reliable  deployment. 
Parachutes  weighing  from  less  than  1 pound  to  over 
100  pounds  have  been  successfully  mortar  deployed 
at  velocities  from  low  subsonic  to  over  Mach  Z0. 

Mortars  consist  of  a tube,  generally  cylindrical,  a 
tight  fitting  cover  held  in  place  with  shear  pins,  shear 
screws  or  break  links,  and  a piston  known  as  a sabot. 
This  is  placed  inside  the  base  of  the  mortar  tube  and 
serves  several,  purposes: 

1 . It  protects  the  parachute  from  the  hot  gases 

2.  It  provides  an  0-ring  or  cup  seal  to  prevent 
blow-by  of  the  propellant  gas,  and 

3.  in  some  designs  the  sabot  is  attached  to  the 
.mortar  base  until  a threshold  gas  pressure  be- 
hind the  sabot  fractures  a (calibrated  break- 
bolt  or  shear  pins.  Typical  mortar  design  and 
performance  is  shown  in  Figure  3.5. 

Tractor  Rocket  A solid  rocket  has  been  success- 
fully used  both  as  a means  of  deploying  an  aircraft 
spin-stabilization  parachute  and  to  extract  crew 
members  from  aircraft  not  equipped  with  ejection 
seats.  Reaction  of  the  rocket  exhaust  through  multi- 
ple canted  nozzles  located  at  the  top  of  the  motor 
casing  provides  spin  stabilization.  The  payload  is 
connected  to  the  base  of  the  rocket  casing  through  a 
steel  cable  and  swivel.  The  weight  of  a tractor  rocket 
is  comparable  to  that  of  a mortar  to  provide  equiva- 
lent performance. 
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a)  Mortar  Assembly  (Uses  eroding  orifice) 


Tube 

Weights 

54.5  lbs 

Mortar  Vol. 

3 cu.  ft. 

Breach 

16.2  lbs 

Parachute  Wt. 

120  lbs. 

Cartridge 

2.9  lbs 

Breech  Press  Max. 

14,700  psi 

Sabot 

5.5  lbs 

Tube  Press  Max. 

124  psi 

Cover 

2.2  lbs 

Reaction  Max. 

21,500  Psi 

Total 

81.3  lbs 

Muzzle  Vet. 

134  fps 

Catapult/Telescoping  Thruster.  Telescoping  cata- 
pults or  thrusters  are  used  to  deploy  the  parachute 
from  the  aft  end  of  air  dropped  streamlined  stores. 
The  parachute  is  stowed  around  the  catapult  barrel 
which  is  located  on  the  longitudinal  centerline  of 
the  parachute  compartment.  The  breech,  cartridge 
and  inner  fixed  tube  member  are  attached  to  the  for- 
ward bulkhead  of  the  parachute  compartment.  The 
outer  tube  attaches  to  a rigid  aft  closure  or  tailcone, 
and  the  parachute  pack  is  attached  in  turn  to  the  rigid 
aft  closure. 

When  the  cartridge  is  fired,  the  aft  closure,  outer 
oarrel  and  parachute  are  ejected.  In  the  three-tube 
catapult  design,  the  intermediate  telescopic  fube  re- 
mains with  the  payload. 

Blast  Bag  (or  Ejector  Bag).  It  is  sometimes  advan- 
tageous to  eject  a parachute  from  its  compartment 
with  a pneumatic  device  known  as  either  a "blast  bag" 
or  "ejector  bag  ".  A blast  bag  may  be  used  as  the 
primary  deployment  actuator  in  a manner  similar  to  a 
mortar,  or  it  may  be  used  as  a secondary  device  to 
assist  a primary  deployment  device  such  as  an  ejector 
gun. 

The  bags  are  constructed  of  fabric  such  as  nylon, 
Nomex,  etc.,  with  a flexible  coating  such  as  rubber  or 
neoprene  to  provide  zero  porosity.  They  are  rapidly 


a)  Sinai#  Strok# 


filled  by  a pyrotechnic  gas  generator.  "Cold-gas"  gen- 
erators with  gas  temperatures  of  400°  600° F are 
often  used.  Another  alternative  is  the  use  of  a normal 
temperature  gas  generator  (1000°  2000° F)  with  a 
heat  exchanger  ahead  of  the  inlet  to  the  bag. 

Two  types  of  ejector  bags  are  used.  The  single 
stroke  type  is  illustrated  in  Figure  3.6(a).  The  double 
stroke  type  is  shown  in  Figure  3.6(b). 

Pack  Opening  Actuators.  Self-contained  pack 
opening  actuators  are  used  with  military  escape 
parachutes  to  permit  safe  escape  under  hazardous 
high  velocity  and/or  high  altitude  flight  conditions. 
Common  to  all  pack  opening  actuators  are  a delay 
timer,  aneroid,  arming  pin,  arming  cahia,  hand  pull 
knob  and  means  for  connecting  the  arming  cable  or 
knob  to  the  aircraft  or  ejection  seat  structure. 

In  the  automatic  mode,  a typical  sequence  starts 
with  the  arming  cable  being  pulled  by  separation  of 
the  crewman  from  his  ejection  seat.  If  the  escape  alti- 
tude is  greater  than  the  aneroid  setting,  the  jumper 
falls  to  the  preset  altitude  at  which  time  the  ripcord 
actuator  is  enabled  to  operate.  In  some  models,  the 
timer  is  then  started  and  the  ripcord  is  pulled  at  the 
end  of  the  time  delay  interval.  In  other  models,  the 
timer  runs  concurrently  during  , the  free  fall  to  the 
preset  altitude. 


Figure  3.6  Ejector  Bags 
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Automatic  Ripcord  Releases.  Automatic  openers 
are  used  in  personnel  parachute  pack  assemblies.  The 
principle  elements  in  each  are  an  altitude  sensor,  a 
timing  device  and  a ripcord  puller.  The  altitude  sen- 
sor is  an  aneroid  mechanism  which  blocks  the  timer 
escapement  and  prevenst  operation  o*  the  coil  spring 
ripcord  release  at  all  altitudes  more  than  1500  feet 
above  its  dial  setting.  The  F-1B  automatic  parachute 
ripcord  release  is  shown  in  Figure  3.7. 

An  aneroid/timer  automatic  ripcord  release, 
known  as  the  FXC  Model  1 1 ,000  is  in  widespread  use 
in  military  personnel  parachute  assemblies.  The 
aneroid  bellows  blocks  a trigger,  which  when  released 
at  the  preset  altitude  hits  a percussion-initiated  pyro- 
technic delay  cartridge.  At  the  end  of  the  pyrotech- 
nic time  delay,  the  cartridge  propellant  charge  fires 
into  a cylinder,  moving  a piston.  The  piston  pulls 
the  parachute  ripcord.  The  FXC  Model  1 1 ,000  auto- 
matic opener  is  illustrated  in  Figure  3-8. 

The  Irvin  Hitefinder  includes  both  a time  delay 
and  altitude  setting  function.  The  parachute  opening 
altitude  may  be  preset  at  any  altitude  up  to  14,000 
feet.  A choice  of  fixed  time  delays  between  0.3  and 
6.0  seconds  is  available.  It  weights  0.40  pounds.  The 
Hitefinder  is  shown  in  Figure  3.9. 


Figure  3.7  F-  IB  Automatic  Release  Installed  in 
Parachute 


Figure  3.8  FXC  Model  1 lOOO  Automatic  Opener 


Installed  In  Parachute 


Figure  3.9  Irvin  Hitefinder  Automatic  Parachute  Release 
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Inflation  Phase  Actuators.  Py  ro/mechan ical  devices 
are  used  to  control  the  forces  developed  during  para- 
chute inflation  and  to  modulate  the  rate  of  inflation. 


Canopy  Spreader  Gun.  The  need  for  a recovery 
parachute  that  opens  quickly  at  very  low  speeds  and 
altitudes  (zero-zero  conditions)  has  been  met  in  a C-9 
personnel  version  with  a pyrotechnic  device227,  a 
multi-radial  barreled  gun.  The  gun  is  positioned  at 
the  mouth  of  the  canopy  by  a retaining  cord  extend- 
ing from  the  canopy  apex  to  the  skirt.  Figure  3.10 
shows  the  spreading  gun  assembly  with  retaining  cord 
at  the  top  and  arming  lanyard  arrangement  below. 
Each  of  its  fourteen  projectiles  propels  adjacent  pairs 
of  suspension  lines  radially  outward  when  the  gun  is 
fired. 

Reefing  Cutters.  Reefing  line  cutters  are  available 
in  a variety  qf  sizes  and  delay  times.  A cutaway  view 
of  a typical  cutter  assembly  is  shown  in  Figure  3.11. 
The  small  cylindrical  device  has  a transverse  hole  at 
one  end  through  which  the  reefing  line  passes.  At  the 
opposite  end  is  a lanyard  operated  sear  and  firing  pin. 
When  the  firing  pin  impacts  the  primer,  the  delay 
powder  train  is  initiated  by  the  flash,  and  the  delay 
mix  burns  lengthwise  until  it  reaches  the  propellant 
charge  behind  the  knife.  The  explosive  pressure  de- 
veloped then  drives  the  knife  and  reefing  line  into  the 
anvil,  completely  cutting  the  line.  Figure  3.12  shows 
details  of  a common  small  cutter  (750-lb  nylon  cord 
capacity)  and  its  mounting  bracket  which  may  be 
hand-stitched  to  the  canopy.  The  cutter  then  mounts 
with  a small  locking  ring  when  the  groove  of  the 
cutter  and  the  slot  of  the  mounting  bracket  are  align- 
ed. The  safety  pin  must  be  removed  during  the  para- 


FigurellO  Canopy  Spreader  Gun 


chute  packing  process.  Line  cutters  are  usually  avail 
able  in  anodized  aluminum,  but  may  be  obtained  in 
stainless  steel  with  the  pyrotechm:  elements  hermeti- 
cally sealed.  Steel  bodies  are  re*  . ’intended  if  dense 
pressure  packing  of  the  parachute  is  anticipated.  Lar- 
ger sizes  are  available  (2500-lb  nylon  cord  capacity) 
similar  to  the  small  unit,  and  others  (9000-lb  nylon 
cord  capacity)  with  2-inches  more  length  and  3/4- 
inch  body  diameter  are  representative.  Time  delays 
to  30  seconds  and  a tolerance  of  ±10  percent  at 
standard  temperature  are  reasonable,  but  over  a wide 
temperature  range,  the  accuracy  may  vary  as  much  as 
±25  percent. 
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Figure  3. 12  Reefing  Lint  Cutter 
end  Mounting  Brocket 


Steging  Reiettet  end  Dieconnectt.  Mechanical, 
electrical,  pyrotechnic  and  combinations  of  mechan- 
ical, electrical  and  pyrotechnic  methods  are  used  to 
separate  parachutes  from  payloads.  Disconnects  that 
operate  in  flight  and  others  that  operate  at  landing 
have  been  used. 

Mechanically  Actuated  Release.  A spring-actuated 
hook  release  that  has  been  used  in  drone  recovery,  is 
shown  in  Figure  3.13.  While  the  drone  is  in  flight, 
the  spring  S pushes  ring  R against  pin  P,  holding  the 
pin  in  place.  As  the  parachute  is  deployed,  a load  is 
placed  on  the  ring,  and  the  ring  and  spring  move  to 
the  position  shown  in  Figure  3.13,  at  the  same  time 
relieving  the  friction  between  the  ring  and  pin.  The 
pin  is  designed  to  fall  free  of  the  cylinder,  when  in  a 
vertical  position,  approximately  10  seconds  after  re- 
lease of  the  friction  of  the  ring.  When  the  vehicle 


Figure  3. 13  Parachute  Canopy  Re/eaee  Aseembty. 
Spring  Actuated  Hook  Type 


touches  the  ground  and  the  load  is  partially  relaxed, 
the  spring  forces  the  ring  off  the  then  unobstructed 
hook,  disconnecting  the  parachute  canopy.  Disad- 
vantages of  this  design  are  that  foreign  matter  in  the 
cylinder  may  cause  improper  operation  of  the  pin, 
and  that  the  reduction  of  imposed  stress  caused  by  air 
currents  may  result  in  mid-air  separation  of  the  load 
and  parachute  canopy. 

MARS  Release.  In  aerial  recovery  systems  known 
as  "MARS"  (Mid-Air  Recovery  System),  the  main 
parachute  is  separated  from  the  payload  when  the 
recovery  helicopter  engages  the  target  parachute. 
This  disconnect  function  is  performed  by  a mechani- 
cal actuator  known  as  a "MARS  Release".  (See 
Figure  3.14). 

The  force  transmitted  from  the  helicopter  at  the 
time  of  pick-up  through  the  load  line  to  the  MARS 
Release,  causes  the  main-chute-retention  shear  pin  to 
be  fractured.  Rotation  of  the  release  an  the  payiusd 
swings  up  behind  the  helicopter  then  causes  the  mair. 
parachute  attachment  fitting  to  drop  off  the  MARS 
Release. 


figure  3. 14  MARS  Reteas* 


A miniaturized  version,  designed  for  use  with  the 
Air  Launched  .Cruise  Missile  is  shown  in  Figure  3 15. 

Airdrop  Extraction  Release.  A heavy  load  capaci- 
ty transfer  coupling  arrangement  is  shown  in  Figure 
3.16.  The  extraction  parachute  connects  to  the  load 
and  to  the  recovery  parcchutes  in  deployment  bags 
through  a modified  three-spool  link  type  load  coup- 


Figure3.  IS  Miniature  MARS  Release 


ling  with  a latch  fitting.  The  extraction  load  path 
goes  directly  to  the  cargo  through  a pintle,  latch  and 
connector  link  assembly  until  exit  of  the  platform 
from  the  aircraft  causes  mechanical  release  of  the 
latch.  The  extraction  parachute  force  then  transfers 
to  the  deployment  bridles  to  effect  deployment  of 
the  main  parachutes.  A cross-section  view  of  the  dis- 


Amtmbly  Control  Ctbtt 


Figure  3. 16  Extraction  Force  Transfer  Coupling  System  (High  Capacity) 
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connect  latch  assembly  (see  Figure  3.17)  shows  the 
arrangement  of  the  retainer  hook  as  it  engages  the 
cam  member  of  the  link  assembly.  Movement  of  the 
actuator  releases  the  catch  from  the  lock  link,  allow- 
ing the  retainer  hook  linkage  enough  offset  to  free 
the  cam.  An  open  link  safety  device  is  added  in  the 
deployment  line  between  the  recovery  parachute 
deployment  bags  and  the  extraction  force  transfer 
link.  It  is  rigged  to  the  platform  with  a 1000  lb  re- 
straint tie.  The  device  consists  of  a locking  link,  an 
insertion  link  and  a shear  pin.  The  insertion  link  is 
held  only  by  a 200-pound  resistance  force  of  the 
shear  pin  until  a locking  cam  is  triggered  by  lanyard 
force  of  a proper  p'atform  travel  distance.  In  an 
emergency/  e.g.,  in  the  event  the  aircraft  siderail  locks 
failed  to  release  when  the  extraction  parachute  force 
was  applied,  the  attachment  at  the  platform  would  be 
cut  away,  the  extraction  line  force  would  shear  the 
pin  and  the  insertion  link  would  leave  the  aircraft 
leaving  the  recovery  parachutes  undisturbed. 


Airdrop  Ground  Release.  Most  types  of  airdrop 
parachutes  remain  inflated  under  moderate  wind 
velocities  (10  knots  or  more)  and  tend  to  drag  or 
overturn  the  load  after  ground  impact.  A disconnect 
is  a mechanical  device  used  primarily  to  separate  the 
parachute  from  the  load  after  ground  contact,  reduc- 
ing the  chances  of  damage  to  the  load.  Most  discon- 
nects operate  on  the  principle  of  load-stress  reduction 
and  incorporate  a time-delay  element  to  prevent  pre- 
mature mid-air  release  during  parachute  deployment 
and  descent.  Disconnects  are  usually  installed  be- 
tween the  harness  legs  of  the  load  and  the  parachute 
riser  or  riser  branches,  and  are  available  for  load 
capacities  ranging  from  200  to  35,000  pounds. 

Cargo  Release.  5000  Pound.  The  disconnect  de- 
vice shown  in  Figure  3.18  is  used  with  one  G-11A 
cargo  parachute,  one  to  three  G-12D  cargo  parachutes 
or  one  G-12C  cargo  parachute.  The  eight  pound 
mechanism  uses  a 20-second  delay  cartridge.  Typical 
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Figure  3. 18  Cargo  Parachute  Reieaae. 

5000  Pound  Capacity 

rigging  arrangements  which  include  the  5000-pound 
disconnect  are  illustrated  in  Figures  3.43  and  3.45. 
Because  this  device  operates  on  reduction  of  load 
tension  at  ground  contact  and  because  in  strong 
winds  the  parachute  remains  partially  inflated,  pre- 
venting reduction  of  tension  in  the  risers,  it  does  not 
function  reliably  in  winds  of  over  25  knots228 

Multiple  Release.  -20,000  Pound.  The  multiple  re- 
lease device.  Figure  3.19  may  be  used  with  loads} 
requiring  use  and  disconnect  of  three  to  six  G-IIAj 
cargo  parachutes.  A 10-second  delay  reefing  line 
cutter  is  required.  A release  adapter  is  added  foi 
attachment  of  two  clevises.  The  basic  disconneci 
weirds  31  pounds. 

M-2  Cargo  Release,  35,000  Pounds.  The  discon 
neci  device  shown  in  Figure  3.20  is  used  with  six  to 
eight  G-11A  cargo  parachutes.  The  mechanism  wai 
designed  to  tilt  18  degrees  to  either  side  of  its  vertical 
plans,  and  uses  a mechanical  timer  delay  device  to 
prevent  release  of  cargo  in  mid-air.  The  basic  discon- 
nect weighs  17  pounds  and  measures  9.25  x 8.5  x 17 
inches  overall. 

Pe  non  net -Parachute  Re/eaeee.  Personnel  pari 
chute  releases  are  used  to  jettison  the  canopy  after 
touchdown  to  prevent  injury  to  the  jumper  fron 
dragging.  They  are  of  two  types,  usually  manually 
activated:  harness  releases  and  canopy  releases.  The 
A/P  28S-2  harness  release  (Figure  3,21  ) is  used  to 


collect  and  attach  the  restraining  straps  of  the  para- 
chute harness  to  a central  point  on  the  body  of  the 
wearer.  Manual  actuation  of  the  device  simultaneous- 
ly releases  several  straps,  freeing  the  harness  and  cano- 
py from  the  body.  The  canopy  release  (Figure  3.22) 
is  used  to  separate  the  canopy  from  the  harness, 
which  remains  on  the  wearer.  Two  such  releases  are 
required  for  a canopy,  one  connecting  each  canopy 
riser  to  the  appropriate  point  on  the  harness.  Release 
activation  is  manual;  each  must  be  opened  separately 
to  free  the  jumper  of  the  canopy. 

■s 

Ordnance  Actuated  Releases.  Release  of  decelera- 
tors  from  the  payload  is  commonly  achieved  through 
use  of  explosive  powered  guillotine  disconnects,  car- 
tridge actuated  pin  pullers,  explosive  nuts,,  explosive 
bolts,  swing  arm  disconnects  and  linear  shaped 
charges. 

Pyrotechnic  Guillotine  Cutters.  A typical  guillo- 
tine disconnect  is  similar  to  a reefing  cutter  in  princi- 
ple of  operation  (see  Figure  3.11  ).  An  electrical  or 
mechanical  impulse  fires  a primer,  either  starting  a 
time  delay  train  burning  or  igniting  the  propellant 
charge  in  a zero  delay  unit.  At  the  end  of  the  delay 
train  interval,  a propellant  charge  drives  a piston  with 
guillotine  knife  attached.  The  knife  blade  cuts 
through  webbing,  cords  or  cables  and  inbeds  in  a 
metal  anvil. 

An  example  of  a cartridge  actuated  in-line  strap 
cutter  designed  to  cut  six  plies  of  10.000  pound 
(or  five  plies  of  12.000  pound)  nylon  webbing  is 
shown  in  Figure  3.23. 


Figure  3. 19  Multiple  Releeee  Aeeembty  with  Adapter, 
St  Inge,  and  Cutter  Irmtalled 
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Figure  3.21  A/P  28S-2  Personnel  Harness  Release  Figure  3.22  Personnel  Canopy  Release 


Figure  3.23  Cartridge  Actuated  In  Line  Strap  Cutter 


Pin  Puller  Disconnects.  Releases  have  been  used 
where  pyrotechmcally  generated  gas  pressure  is  used 
to  remove  a clevis  pin,  thus  disconnecting  the  deceler- 
ator  riser  end  loop. 

Swing  Arm  Disconnects,  Several  versions  of  car- 
tridge or  squib  actuated  swing-arm  disconnects  have 


been  used  in  missile  drone  and  spacecraft  recovery 
systems.  In  this  scheme,  a hollow  hinge  pin  is  held  in 
place  by  a piston  inside  the  hollow  pin.  Gas  pressure 
from  the  cartridge  pushes  the  piston,  freeing  the 
hinge  pin  to  rotate  through  an  arc  of  approximately 
180  degrees.  The  riser  end  loop  slips  off  the  hinge 
pin  as  it  rotates,  permitting  the  decelerator  to  sepa- 
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rate  from  the  payload.  Figure  3.24  shows  the  early 
model,  known  as  a "Radioplane”  release  which  uses 
electric  squibs  (with  lead  wires).  Figure  3.25  illus- 
trates an  improved  (Gould)  model  which  uses  a 
threaded  case  electrical  cartridge. 


Figure  3.24  Parachute  Canopy  Release  Assembly, 
Latch  Type 
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Figure  225  Single  Initiator  Parachute  Release 


Explosive  Bolts,  Explosive  Nuts.  ExplosK 
or  explosive  nuts  have  been  used  to  cause  set 
of  a decelerator  riser  or  a section  of  the  i 
structure  (with  decelerator  attached).  A typ 
lease  operated  by  an  explosive  bolt  is  the  “hanC 
fitting  used  in  conjunction  with  the  Mid-Air  R« 
System  (MARS)  release. 

Shaped  Charge.  Two  types  of  explosive 
charge  have  been  used  to  perform  the  decelera 
connect  function.  In  one  type,  the  riser  web 
severed  by  the  blast  of  hot  gas  from  a shaped 
in  a housing  that  surrounds  the  webbing.  In  thi 
type,  metal  support  structure  for  the  deceler 
cut  by’ a ring  of  linear  shaped  charge  or  mild  o 
ting  fuse. 


DECELERATOR  SUBSYSTEM 

Parachutes,  rotors  and  inflatable  balloon 
decelera  tors  are  described  in  Chapter  2 and  a fa. 
struction  details  related  to  parachutes  are  sho 
Chapter  4.  These  items  are  the  major  compon. 
their  respective  type  decelerator  subsystems.  Ct 
nents  of  the  subsystem  other  than  decelerato 
described  and  discussed  in  this  section.  The 
either  suspension  members  or  items  which  contt 
to  the  stowage  or  deployment  of  the  decelerator 
interconnecting  metal  parts.  With  the  deceit 
included,  this  group  of  components  constitu 
decelerator  subsystem.  Representative  deceit 
subsystem  components  are  identified  in  Figure  . 

Stowage  and  Deployment  Components 

Stowage  Components.  Decelerator  subsystem 
tails  are  generally  similar  within  the  several  recc 
system  application  categories  except  in  the  methc 
containment.  Personnel  and  airdrop  systems  at 
necessity  unsophisticated,  and  deployable  cor 
nents  are  usually  contained  and  mounted  in  a p 
assembly  external  to  the  load.  On  the  other  hi 
flight  vehicle  recovery  systems  usually  require 
deployable  components  be  stowed  within  the  vet 
contour  in  order  that  flight  characteristics  of 
vehicle  be  preserved  until  recovery  is  initiated. 

Compartments.  Provisions  in  a flight  vehicle 
containment  and  interfacing  with  the  decelerator  t 
system  may  take  the  form  of  a simple  tailcone  si 
or  a special  shaped  cavity  w;th  a thin  metal  covei 
shown  in^  Figure  3.27  . The  Mercury  system  ins 
lation  is  an  example  of  a more  complex  stow, 
arrangement  (see  Fig.  1.6  ).  Compartment  s tv 
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Figure  3.26  Components  of  Typical  Decelerator  Subsystems 


Figure  3.27  Typical  Storage  Compartment 


and  decelerator  attachment  details  are  dependent 
upon  the  particular  vehicle  design  for  available  space 
and  structure.  Separable  compartment  liners  con- 
structed of  sheet  metal  or  fiberglass  laminate  provide 
a smooth  surfaced  container  for  parachute  stowage  in 
a vehicle.  Fabric  flaps  attached  to  the  compartment 
walls  are  sometimes  incorporated  to  provide  tempo- 
rary restraint  of  the  main  parachute  pack  during  a 
drogue  stage  or  during  pilot  chute  deployment  from 
the  same  compartment  A cylindrical  mortar  could 
serve  as  the  stowage  compartment  to  house  a single 
stage  decelerator  system  while  it  also  provides  the 
actuation  means  for  deployment.  Although  compo- 
nents, such  as  compartment  liners,  attachment  hard- 
ware and  access  covers  are  normally  considered  part 
of  the  vehicle,  some  recovery  systems  have  been  pack- 
aged with  these  parts  in  an  integral  assembly  that 
requires  nothing  more  than  to  be  inserted  into  the 
vehicle  cavity  and  bolted  in  place  to  complete  the 
recovery  system  installation. 

Packs.  Decelerator  packs  are  designed  for  inser- 
tion into  a rigid  compartment,  or  to  be  strapped  on 
the  outside  of  a payload  and  remain  in  place  during 
extraction  and  deployment  of  the  decelerator.  The 
personnel  parachute  pack  is  of  the  latter  type.  Packs 
are  constructed  of  nylon  fabric  forming  a center 
panel  usually  with  stiffeners,  plus  side  and  end  flaps 
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which  fold  over  and  contain  the  arranged  layers  of  Sequence  Flaps.  In  some  instances,  the  use  c 

the  parachute  canopy  and  suspension  lines.  Standard  sequencing  flaps  is  useful  in  achieving  retention  an 

personnel  packs  are  in  use  for  different  types  of  para-  subsequent  release  of  a parachute  system.  This 

chutes  and  for  attachment  to  the  back,  chest,  or  seat  advantageous  for  recovery  systems  which  have  stov 

of  the  wearer.  An  example  of  a typical  pack  is  shown  age  and  related  deployment  problems.  Several  mear 

in  Figure  3.28  Standard  US  Army  ,and  Air  Force  of  securing  and  releasing  sequence  flaps  (cutters,  pint 

packs  and  US  Navy  containers  (synenomcus  with  etc.)  are  used, 

packs)  are  listed  in  References  229  and  230  respec- 
tively. 


Figure  3.28  Typical  Pack  Army /Air  Force 

Personnel  packs  are  anchored  to  the  body  harness. 
They  are  designed  to  unlock ^at  the  pull  of  a ripcord 
or  a static  line.  Because  the  pack  remains  with  the 
body,  deployment  from  a pack  is  normally  "canopy- 
first"  With  suspension  lines  and  risers  stowed  to  pro- 
gressively unfold  and  deploy  from  cloth  loops  or 
channels  stitched  to  the  pack  backing  or  flaps  as  de- 
picted in  Figure  3.29.  Some  pack  assembly  arrange- 
ments incorporate  a modified  bag  or  sleeve  to  restrain 
opening  of  the  deployed  canopy.  The  bag  or  sleeve 
restrains  ■ the  canopy  skirt  until  stretch  of  the  final 
loop  of  suspension  lines  deploys  from  the  bag. 


Figure  3.29  Pack  Showing  Flaps 


Deployment  Components.  Items  which  provid 
either  a continuing  deployment  force  (pilot  chute 
static  line),  or  in  some  way  restrict  the  mouth  of ; 
parachute  from  opening  while  suspension  lines  am 
canopy  are  incrementally  extended,  are  classed  a 
deployment  components.  These  items  move  awa\ 
from  the  body  with  the  deploying  decelerator,  as  dia 
tinguished  from  a stowage  component  class. 

Pilot  Parachutes.  A pilot  chute  is  a small  pars 
chute  used  to  aid  and  accelerate  main  parachuti 
deployment.  Pilot  chutes  may  be  of  the  convention? 
ringslot,"  ribbon  and  ribless  guide-surface  types,  or  o 
specialized  design  having  shaped  solid  cloth  canopie 
with  ribs  or  vanes  and  internal  springs  (Figure  3.30, 
The  internal  spring  ejects  the  parachute  and  aid 
opening.  The  vanes  align  the  parachute  with  the  ai. 
stream  and  ensure  good  opening  reliability.  Used  ir 
sizes  to  6 ft  there  are  numerous  designs  of  the  canopy 
including  hemispherical,  biconical,  square,  etc. 


CorntnK**  Prot1»  inflprad  Configuration 


Figure  3.30  Vane  Type  Pilot  Chute 


130 


Bridles.  A bridle  is  a connecting  line,  usually  used 
to  attach  a pilot  chute  to  the  apex  of  a large  para- 
chute, or  to  a deployment  bag  as  shown  in  Figure 
3.26.  Bridles  are  constructed  of  line  material,  usually 
of  nylon  webbing  or  cord,  with  a loop  provided  at 
each  end  to  facilitate  attachment  to  parachute  apex 
lines  and  a pilot  chute.  Bridle  length  and  strength 
depend  upon  conditions  of  their  specific  use  and 
therefore,  are  not  found  as  standard  supply  items 
except  in  personnel  or  aerial  delivery  kits. 

Static  Lines.  Astatic-line  is  a fixed  bridle  between 
the  launch  aircraft  and  the  parachute  apex,  or  be- 
tween the  launch  aircraft  and  a deployment  bag  or 
sleeve.  Static  lines  are  similar  io  bridles  in  material 
and  design.  Their  length  is  usually  determined  by  the 
minimum  safe  clearance  distance  from  the  launch  air- 
craft. 

Break  Cords.  A break  cord  is  a thread,  light  cord 
or  tape  used  as  a tie  link  or  restraint  that  is  intended 
to  break  under  load  during  deployment.  For  example 
a "break  cord"  is  used  to  attach  a static  line  to  a para- 
chute apex. 

Bags.  A deployment  bag  is  a parachute  container 
used  to  provide  controlled  and  incremental,  orderly 
deployment  of  riser,  suspension  lines  and,  canopy,  in 
that  order,  as  the  bag  moves  away  from  the  body  in 
the  process. 

Full  Bags.  Deployment  bags  are  used  in  all  types 
of  recovery  systems  and  are  made  in  a variety  of  con- 
figurations. some  highly  specia'ized.  Essential  fea- 
tures include  separate  compartments  for  canopy  and 
suspension  lines,  plus  closure  flaps  locked  with  line 
bights  or  other  means  of  ensuring  unlocking  at  line- 
stretch.  Provisions  are  made  for  retaining  the  suspen- 
sion lines  in  short  bights,  and  deployment  bags  de- 
signed for  bridle  extraction  (rather  than  forcible 
ejection)  have  strong  longitudinal  reinforcement 
members  integrated  with  a bridle  harness  on  the 
down-stream  end.  Pictures  of  several  different  de- 
ployment bags  are  presented  in  Figure  3.31. 

Closure  flaps  of  deployment  bags  are  often  secured 
closed  with  textile  tape  or  webbing  loops  which  must 
be  strong  enough  to  stay  locked  during  handling, 
installation,  and  deployment,  yet  unlock  or  open 
readily  at  the  proper  point  near  the  end  of  the  de- 
ployment sequence.  Figure  3.32  illustrates  a simple 
method  of  keeping  a packed  parachute  in  its  deploy- 
ment bag  until  the  lines  are  fully  deployed.  The 
underneath  flap  has  two  “locking"  loops  which 
extend  through  matching  slot  holes  in  the  over-flap. 
Where  inner  flaps  separate  the  line  and  canopy  com- 
partments, the  last  two  bights  o * the  suspension  line 


Canopy  Compartment 


Figure  3.32  Line-Bight  Locks  Inside  a Deployment 
Bag 
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Bag  Body 


Figure  3.33  Quarter  Deployment  Bag 


bundle  are  inserted  through  the  loops  to  lock  the 
canopy  compartment.  Line  stows  filling  the  remain- 
der of  the  line  compartment  of  the  deployment  bag 
are  similarly  held  in  place  by  line  stows  passing 
through  locking  loops  in  the  closure  flaps  at  the  end 
of  the  deployment  bag. 

Quarter  Bags.  A quarter  bag  (Figure  3.  33 Makes 
the  form  of  a modified  deployment  bag  tightly  em- 
bracing and  containing  only  the  lower  quarter  of  the 
canopy.  Suspension  lines  are  stowed  on  the  outside 
in  a series  of  bights  secured  snugly  in  a series  of  cloth 
tunnels  or  flutes.  A skirt  binder  locking  loop  at  one 
end  of  the  array  completes  an  arrangement  which  has 
the  advantage  of  preventing  the  premature  opening  of 
the  canopy  mouth  during  "canopy-first”  deployment 
until  the  lines  are  fully  stretched. 

Skirt  Hesitator*.  A hesitator  is  a restrictive  tie, 
usually  a combination  of  encircling  webbing  or  tape 
loops  secured  with  a break  cord,  which  wraps  around 
the  folded  skirt  of  a canopy.  A bight  of  the  suspen- 
sion line  bundle  is  usually  included  to  break  and  free 
the  hesitator  at  line  stretch.  Hesitators  take  several 
forms  depending  on  requirements.  An  example  of  a 
parachute  skirt  hesitator  which  uses  reefing  line 
cutters  to  free  it  is  shown  in  Figure  3.34. 

Sleeves.  A sleeve  is  a tapered  fabric  tube  used  to 
contain  and  restrain  the  stretched  out  canopy  during 
the  deployment  process. 


Figure  3.34  Skirt  Hesitator/Uses  Reefing  Line 
Cutters 


Full  Sleeves.  The  full  canopy  sleeve  (Figure  3.3 
is  designed  to  perform  the  same  functions  as  tt 
quarter  bag  with  the  added  security  and  prctectit 
provided  for  the  canopy  during  "canopy-first"  d 
ployment.  This  feature  makes  the  sleeve  well  adapt! 
to  ensure  orderly  deployment  of  more  complex  can 
pies,  e.g.,  gliding  parachutes,  when  the  use  of  a cc 
ventional  deployment  bag  is  not  satisfactory. 
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Figure  3.35  Deployment  Sleeve 


Aprons.  Deployment  aprons  resemble  deploy- 
ment sleeves,  with  the  exception  that  they  are  not 
tubular  in  configuration.  Although  it  performs  the 
same  beneficial  deployment  functions  of  both  a quar- 
ter bag  or  a sleeve,  its  wrap-around  configuration 
allows  it  to  expose  the  deployed  canopy  at  full  line 
stretch  with  the  added  advantage  of  its  being  perma- 
nently attached  to  the  canopy.  Aprons  may  be  de- 
signed to  fully  enclose  the  whole  canopy,  like  a sleeve 
or  just  the  skirt  portion,  like  a quarter  bag.  In  both 
cases,  it  remains  attached  after  the  parachute  is  fully 
opened. 


Suspension  Network  Components 

As  a general  rule,  decelerator  suspension  lines  are 
not  attached  directly  to  the  recoverable  body  or  pay- 
load  unless  unusual  requirements  prevail  A weight 
saving  may  be  gained  by  omitting  the  riser,  the  har- 
ness, and  that  portion  of  suspension  lines  length  not 
needed  to  preserve  a proper  confluence  angle.  How- 
ever, the  saving  may  be  offset  by  the  inconvenience 
or  complexity  of  multiple  attachment  points  and,  in 
some  installations,  the  problems  of  packing  and  de- 
ployment interference.  Because  of  the  numerous 
suspension  configurations  possible,  each  case  must  be 
judged  on  its  own  suitability  to  meet  requirements. 

Ordinarily  the  harness  serves  to  translate  decelera- 
tor forces  from  the  riser  to  two  or  more  points  on  the 
body.  A desired  body  attitude  also  may  be  establish- 
ed by  selecting  harness  leg  lengths  to  attachment 
points  at  a proper  distance  on  each  side  of  the  vehicle 
center  of  gravity. 


Riser s,  A riser  is  a flexible  load  bearing  member, 
the  elements  of  which  are  usually  all-textile,  but  may 
be  steel  cable  or  part  textile  and  part  cable.  The 
decelerator  end  of  the  riser  often  has  two  or  more 
branches  to  which  the  decelerator  suspension  lines  are 
attached.  The  number  of  branches  depends  upon  the 
number  of  suspension  lines  to  be  accommodated  and 
si/e  of  the  lines.  A keeper  is  usually  incorporated  at 
the  confluence  point  where  the  single  riser  divides 
into  branches.  A keeper  is  a length  of  webbing 
formed  as  a snug  collar  around  suspension  lines  or 
riser  branches  to  resist  parting  forces  at  the  conflu- 
ence point  or  at  the  neck  of  end  loops.  Figure 
3.  36  shows  a typical  riser  assembly  constructed  using 
layers  df  textile  webbing  arranged  with  a large  loop  at 
the  load  end,  and  smaller  loops  on  each  riser  branch 
at  the  opposite  end.  The  loop  method  shown  is  only 
one  of  several  ways  to  attach  suspension  lines  to 
risers.  Other  means  of  line  attachment  are  discussed 
starting  on  page  189 . The  length  of  a riser  varies 
according  to  its  use.  A short  riser  may  suffice  for  a 
single  main  parachute,  whereas  longer  lengths  are 
usually  used  for  drogue  decelerators  or  parachutes  in 
a cluster  arrangement. 

An  extra  large  parachute  may  employ  long  riser 
branches  above  the  confluence  point.  The  100  ft 
diameter  G-11A  parachute,  for  example,  employs 
, twelve  50  ft  branches  and  30  ft  long  suspension  lines. 
The  length  of  riser  below  the  confluence  point  is 
20  ft  in  length,  and  the  procedure  for  extending  the 
riser  for  cluster  use  is  to  add  riser  extensions  in  20  ft 
increment  slings79  . A cargo  sling  is  a continuous 
loop  of  nylon  webbing  made  in  standard  strengths 
and  lengths,  used  for  cargo  rigging. 
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Figure  3.36  Typical  Riser  with  Branches 


Extraction  Lines.  Cargo  loads,  too  large  or  too 
heavy  to  be  packed  into  airdrop  containers  are  placed 
on  and  secured  to  a platform.  Platform  airdrops, 
employ  an  extraction  parachute  to  provide  the  steady 
force  required  to  pull  the  load  rearward  and  out  of 
the  aircraft.  An  extraction  line  is  a long  "riser" 
connecting  the  extraction  parachute  to  the  load.  The 
line  length  must  be  sufficient  to  minimize  aircraft- 
wake  effects.  A representative  extraction  line  could 
be  made  up  of  three  20  ft  slings.  Figure  3.37  shows 
a typical  extraction  and  transfer  sequence  to  main 
parachute  deployment. 

Harnesses.  A typical  suspension  arrangement  for 
cargo  is  represented  in  Figure  3. 38,  where  the  harness 
consists  of  standard  sling  elements  to  four  hardpoints 
on  the  load.  Similar  systems  are  used  for  military 
vehicles  but  with  a load  bearing  platform  and  paper 
honeycomb  rigged  beneath  the  load  for  absorbing  the 
energy  of  in.;act23l 

Harness  design  is  governed  mainly  by  the  body 
configurations  or  the  nature  of  the  payload.  The  har- 
ness members  are  usually  made  of  textile  webbing, 
but  may  be  of  stranded  steel  cable  if  conditions  war- 
rant. Harness  attachment  points  must  straddle  the 
decelerator  force  vector  through  the  vehicle  center  of 
gravity  in  order  to  achieve  stability.  Representative 
harness  configurations  to  effect  vehicle  stabilization 
are  shown  in  Figure  3.39. 
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\ Deployment  Line 
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Figure  3.37  Typical  Extraction  and  Force  Transfer  Sequence 
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Figure  3.38  Representative  Cargo  Harness  Assembly 


Missile 

Figure  3.39  Harness  Configuration  for  Vehicle 
Stabilisation 


Some  recoverable  vehicles  ha/e  more  than  one 
functional  attitude  during  the  recovery  sequence. 
This  changing  geometrical  requirement  has  been 
accommodated  by  an  unconstrained  harness  on  vehi- 
cles able  to  withstand  the  shock  and  rotational  accel- 
eration induced  when  the  opening  forco  of  the  decel- 
erator  loads  only  the  forward  leg  of  the  harness  (see 
Figure  3.40).  The  vehicle  quickly  stabilizes  and  pre- 
sents a horizontal  landing  attitude  when  descending 
vertically.  The  second  example  shows  a stable  har- 
ness arrangement  in  two  positions,  the  second  posi- 
tion resulting  from  disconnect  of  a point  on  one  leg 
of  the  first  position  harness.  This  two-stage  harness 
arrangement  accommodates  parachute  opening  forces 
in  one  direction  on  the  vehicle,  and  after  reaching 


equilibrium  descent  conditions,  changes  to  a more 
acceptable  vehicle  attitude  for  water  entry  of  a man- 
carrying  spacecraft. 

The  personnel  body  harness  is  primarily  a webbing 
seat  "swing"  which  transmits  opening  forces  to  the 
wearer's  torso  in  the  most  desirable  manner.  Risers 
may  be  releasable  or  an  integral  part  of  the  body  har- 
ness. Chest  strap,  back  straps,  and  leg  straps  contain 
the  torso  within  the  seat  "swing"  portion  of  the  har- 
ness assembly  during  parachute  opening.  The  use  of 
adjustable  type  hardware  increases  the  adaptability, 
comfort,  and  safety  of  personnel  harnesses. 

Hardware 

The  functional  and  service  requirements  of  accel- 
erator subsystems  are  supplied  by  a variety  of  metal 
connector  links,  adapters,  harness  snaps,  rings,  buck- 
les, release  links,  and  various  miscellaneous  pieces  of 
hardware.  Most  of  the  load  bearing  links  are  forged 
to  a smooth  and  rounded  shape  from  alloy  steel,  heat 
treated  for  high  strength  and  finished  with  cadmium 
plate  or  phosphate  coating.  Commqnly  used  person- 
nel parachute  hardware  items,  most  of  which  are 
depicted  in  Figure  3.41  are  commercially  available 
from  a number  of  respectable  suppliers.  Typical  of 
most  linkage  items  is  a 1-3/4  inch  wide  by  at  least 
1/4  inch  opening  to  accommodate  standard  harness 
straps  and  webbing. 

Connector  Links.  Connector  links  are  used  to 
attach  suspension  lines  directly  to  risers  or  to  attach 
one  part  of  a harness  to  another.  There  are  three 
basic  types. 

Solid.  A solid  link  is  a rectangular  ring  used  most- 
ly for  fixed  harness  joints,  and  occasionally  for  line 
connectors- 

Separable.  Links  are  made  in  two  Parts  which  can 
be  separated  to  engage  a webbing  loop,  reassembled 
and  locked  with  two  screws.  Separable  links  are  a 
principal  means  for  joining  groups  of  suspension  lines 
to  8 riser  branch  (see  Fig.  4.25). 
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Figure  3.41  Hardware 


Speed.  A speed  link  nas  a removable  end  bar 
which  snaps  into  place  and  is  locked  with  a single 
screw.  They  are  easy  to  loosen  with  a screw  driver 
and  quick  to  disassemble  and  assemble. 

Adapter*.  An  adapter  has  a rectangular  frame  and 
a sliding  "friction"  or  fixed  center  bar.  They  are  used 
for  adjustment  rather  than  connection  of  straps. 

Ring*  D-rings  mate  with  snaps  and  are  usually 
mounted  to  webbing  ends  by  a stitched  (fixed)  loop 
since  they  are  non-adjustab!e.  Most  D-rings  are  5000 
pounds  rated  strength.  V-rings  are  similar  to  D:rings 
except  in  ring  shape,  and  may  be  adjustable  or  non- 
adjustable.  A rated  load  capacity  of  2500  pounds  is 
typical. 

Snap*  Snaps  or  "snaphooks"  usually  mount  to 
webbing  ends  in  , order  to  connect  easily  and  reliably 
to  rings  mounted  elsewhere  on  a harness  or  webbing. 
The  hook  includes  a spring  loaded  guard  to  prevent 
inadvertent  disconnect,  once  enyaged.  Snaps  which 
are  adjustable  include  a sliding  bar  for  binding  the 
position  of  the  webbing  loop  against  slippage  under 
load. 


Cut  Knife*  With  only  the  decelerator  riser  end 
protruding,  deployment  bag  closure  flaps  are  usually 
locked  closed  with  a strong  lacing  that  must  be  cut  as 
soon  as  the  bag  moves  out  of  its  compartment  far 
enough  to  stretch  the  risers.  A cut  knife  of  the  type 
shown  in  Figure  3.42  is  used  for  this  purpose,  usually 
actuated  by  a short  lanyard  attached  to  an  external 
riser  bight.  Packs  may  be  secured  and  opened  with  a 
cut  knife  attached  to  a static  line  for  canopy-first 
deployment.  The  cut  knife  must  be  secured  to  the 
pack  or  harness  with  three  thread  "tacks”  to  prevent 
any  cutting  action  prior  to  its  actuation. 

Swivel*  Swivels  are  integrated  into  a riser/suspen- 
sion line  system  of  rotating  or  spinning  payloads 
being  recovered  in  order  to  prevent  suspension  line 
winding  or  twisting,  and  possible  resultant  parachute 
opening  failure.  Swivels  are  available  in  various  sizes 
and  configurations. 

Reefing  Ring*  Parachute  reefing  rings  are  avail- 
able in  1/2-inch  and  5/8-inch  diameter  hole  size, 
made  of  carbon  steel,  smoothly  finished  with  round- 
ed edges  and  cadmium  or  chromium  plate.  Larger 


Figure  3.45  Typical  Installation  with  Load  Coupler  and  Large  Clevises 


Service  Disconnects.  Essentially  a service  discon- 
nect is  a small  load  coupler  usually  comprising  side 
plates  yvith  only  one  bolt  or  spool  arrangement  at 
each  end.  This  is  required  for  simple  installations 
requiring  the  use  of  a simple  riser  assembly. 


TERMINATION  PHASE  SUBSYSTEM 

Termination  phase  subsystems  may  include  impact 
attenuation  provisions,  location  devices  and  flotation 
devices.  Special  cases  such  as  automatic,  remote 
weather  stations  also  include  a payload  stand-up  or 
anti  toppling  subsystem  and  an  antenna  erection 
subsystem. 

Impact  Attenuation  Subsystems 

Impact  attenuation  subsystems  vary  greatly  in 
complexity  from  simple  passive  members  such  as 
penetrating  ground  spikes  to  highly  sophisticated 
dynamic  or  self  powered  retarders.  The  landing  sub- 
system may  include  both  a pre-contact  retarding 
device  such  as  a retrorocket  and  some  form  of  energy, 
absorbing  media  such  as  crushable  structure  or  honey- 
comb. 

Retrograde  Rockets.  A high  weight-efficiency  re- 
covery system  results  from  selection  of  a high  descent 
velocity  (40-100  ft/sec)  in  combination  with  a retro- 
grade landing  rocket  (or  rockets).  A cross  plot  of  de- 
scent system  and  retrorocket  weights  vs  descent 


velocity  will  identity  the  maximum  efficiency  point 
(minimum  weight). 

Penetrating  Impact  Attenuators.  Surface  penetra- 
tion and  displacement  of  mass  is  effective  ,in  reduc- 
tion of  landing  impact.  This  method  or  impact  atten- 
uation h3s  been  used  both  for  land  and  water  landihg. 

Ground  Penetration  Nose  Spikes.  These  have  been 
used  to  absorb  landing  energy  and  decrease  the  veloc- 
ity of  the  main  body  of  the  landing  module  at  land- 
ing. Penetration  spikes  have  several  advantages: 

a)  they  are  passive,  requiring  no  mechanism  for 
operation. 

b)  they  are  inexpensive,  and 

c)  they  have  good  reliability 
They  have  the  following  disadvantages. 

a)  their  length  may  preclude  carrying  in  bomb 
bays 

b)  excessive  weight 

c)  limited  to  low  ground  wind  operating  condi- 
tions 

d)  not  effective  in  rocky  landing  zones 

e)  side  loads  at  the  base  of  the  spike  in  a wind 
drift  landing  require  structural  reinforcement 
of  vehicle  nose/spike  attachment. 

Knife  Edge  Water  Entry.  Excessive  water  landing 
shocks  may  be  reduced  on  some  shape  vehicles  by  en- 
suring other  than  a flat-plate  landing  attitude.  By 
using  differential  front  and  aft  harness  leg  lengths,  the 
vehicle  can  be  suspended  at  such  an  attitude  that  a 


sharp  edged  corner  knifes  into  the  water,  rather  than 
hitting  flat.  (Gemini  ana  Apollo  spacecraft  used  this 
principle.) 

Pneumatic  Landing  Bags.  Air  inflated  landing  bags 
have  been  used  to  cushion  landing  shock  of  missiles, 
drones  and  spacecraft.  Air  bags  have  the  advantages 
of  providing  light,  low  volume  attenuators  with  large 
reaction  footprint  areas  resulting  in  low-G  decelera- 
tion (3-4  G's).  Disadvantages  are  the  tendency  to 
topple  or  for  the  payload  to  roll  off  the  top  of  the 
beg,  inflation/  pressurization  complexity,  sensitivity 
to  altitude  of  landing  terrain,  parachute  oscillation 
and  ground  wind. 

Two  classes  of  pneumatic  landing  bags  have  been 
used  extensively  - low  pressure  bags  and  high  pressure 
bags.  The  low  pressure  bags  operate  at  an  initial  infla- 
tion pressure  of  0.5  to  1 .0  psig  and  peak  pressure  dur- 
ing the  deceleration  stroke  of  5 to  10  psig.  High  pres- 
sure bags  operate  at  an  initial  inflation  pressure  of 
5-10  psig  and  peak  pressure  of  15-20  psig.  Low 
pressure  types  use  multiple  burst  diaphragms  while 
the  hic^i  pressure  type  use  one  or  two  metal  blow-out 
diaphragms.  The  low  pressure  type  is  lighter  than  the 
high  pressure  type  but  is  limited  to  use  with  light  to 
medium  weight  vehicles  (0-4000  lb),  having  large 
expanses  of  underside  skin  area  (for  force  reaction). 
High  pressure  type  impact  bags  are  particularly 
effective  for  vehicles  of  high  weight  (over  2000  lb) 
and  low  underside  reaction  area.  Particular  care  must 
be  taken  in  designing  high  pressure  airbags  to  exhaust 
the  air  rapidly  enough  to  prevent  the  payload  from 
bogncing. 

Foam  Filled  Landing  Bags  Foam  filled  impact 
bags  have  been  developed  for  use  with  a remotely 
piloted  vehicle  (RPV).  weighing  over  3000  pounds. 
The  foam  is  formed  by  mixing  two  liquids  together  in 
the  form  of  sprays.  When  using  urethane  foam,  the 
time  required  to  fill  the  bag  and  for  the  foam  to  set- 
up is  as  low  as  60  seconds.  A new  foam  under 
development  by  the  U.  S.  Army  set-up  in  5-10 
seconds.  The  density  of  the  60  second  foam  is 
approximately  one  pound  per  cubic  foot  and  uses  a 
total  of  approximately  1.2  pounds  of  chemicals  to 
produce  one  cubic  foot  of  foam. 

Foam  filled  impact  bags  have  the  following  advan- 
tages over  pneumatic  impact  bags 

a)  insensitive  to  being  punctured  by  sharp 
ground  objects 

b)  improved  stability  in  gliding  or  side  dritt 
landings 

c)  higher  energy  absorption  than  with  air-filled 
bags 


Crushable  Structure.  Crushable  structure,  either 
integral  or  auxiliary  can  be  an  efficient  way  of  atten- 
uating impact  at  landing.  Crushable  energy  absorbers 
include: 

Foamed  plastics  (urethane,  styrofoam,  etc.) 

Balsa  wood 

Aluminum  honeycomb 
Paper  honeycomb  - radial 
Paper  honeycomb  - block 
Fiberglass  - plastic  honeycomb 
The  underside  of  the  vehicle  structure’  may  be 
filled  with  foamed  plastic,  balsa  wood,  or  honeycomb 
to  increase  the  energy  absorption  capacity  of  the 
basic  structure. 

If  sufficient  stowage  volume  is  available,  crushable 
material  may  be  incorporated  for  deployment  be- 
neath the  vehicle. 


Combination  Attenuators  In  many  vehicles  a 
combination  of  two  or  more  methods  of  attenuating 
landing  shock  is  used.  An  example  is  the  Apollo  3- 
man  command  module,  where  the  following  attenua- 
tors were  used: 

a)  the  heat  shield  structure  deformed 

b)  the  astronaut  couches  were  suspended  by 
shock  absorbing  struts 

c)  crushable  foam  was  incorporated  in  the  astro- 
naut couches 

Location  Devices 

Location  of  a vehicle  or  payload  after  it  has  been 
lowered  safely  to  the  Earth's  surface  is  aided  by 
including  one  or  more  location  devices  in  the  recov- 
ery system.  Typical  locating  aids  include  visual,  radio 
frequency,  and  acoustical  devices. 

Radio  Frequency  Devices  Radio  Transmitters 
with  direction  finding  antennae  are  useful  over  rela- 
tively long  ranges.  Modern  versions  of  the  World  War 
II  "SARAH”  (Search  And  Rescue  And  Homing) 
beacon  are  effective  for  distances  of  several  hundred 
miles.  Location  of  vehicle?  or  parachutes  in  rough 
terrain  can  be  greatly  simplified  through  use  of  a 
short  range  (1-5  mile?)  radio  transmitter  and  direc- 
tion finding  antenna.  Table  3.1  lists  the  characteris- 
tics of  the  short  and  long  distance  radio  beacons. 

Chaff.  Short  pieces  o*  aluminum  foil  or  alumin- 
ized glass  fibers  (1”-2"  long)  will  show  a radar  return 
and  by  being  elected  from  a vehicle  at  high  altitude, 
may  be  used  to  locate  it  while  still  in  the  air. 
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TABLE  3.1  RADIO  BEACON  CHARACTERISTICS 


Beacon 

Type 

Range 

Miles 

Frequency 

MHz 

Power 

Watts 

Size 

Inches 

Weight 

Lb* 

Minimum 

Duration 

Hours 

SARAH 

AFX-1 

.5  to  5** 

235  or 
243 

150-163 

• •• 

0.1 

.75"  Dia.  x 5.0" 

.12 

6 

AFP-6 

1 to  10** 

150-163 

0.1 

1.25"  x 2.25”  x 3.5" 

.75 

250 

* Include*  battery 

**  .5  to  1 mile  ground  to  ground,  5 - 10  mile*  ground  to  air 
10  to  100  wan*  available 


Radar  Transponders  (RAdio  Direction  And  Range). 

Radar  beacons  may  be  included  in  flight  vehicles  to 
transmit  a return  signal  in  response  to  radar  interroga- 
tion. 

Visuai  Device*.  The  most  effective  visual  location 
aid  is  the  high  intensity  flashing  light  beacon.  Typical 
beacons  emit  from  .5  to  2 million  candle  power  at 
rates  of  1 17  to  2 strobe  flashes  per  second.  Depend- 
ing on  ambient  light  conditions  and  search  aircraft 
altitude,  the  flashing  light  beacon  can  be  seen  up  to 
10-20  miles.  Durations  of  24  hours  or  longer  are 
readily  achievable. 

Other  visual  location  devices  are  smoke  generators, 
fluoresceine  dye,  reflective  paint  on  vehicle  surfaces 
and  bright  colored  parachutes.  Smoke  generators  are 
limited  in  usefulness  by  their  short  duration  of 
operation.  Fluoresceine  dye  spreads  a yellow-green 
slick  on  the  water  surface  that  persists  for  up  to  24 
hours,  depending  on  site  of  the  packet,  the  surface 
wind  velocity  and  sea  state. 

Acoutticai  Device*.  For  deep  water  landing  sites, 
two  acoustical  locating  devices  have  been  used, 
"SOFAR"  bombs  and  "SONAR"  devices. 

SOFAR  Bombs  ISOund  Firing  And  Ranging). 

The  SOFAR  bomb  is  a miniature  depth  charge,  de- 
signed to  detonate  at  a preselected  water  depth.  Its 
location  is  determined  through  triangulation  by  sev- 
eral listening  stations  from  as  far  away  as  10,000 
miles.  The  preset  water  firing  depth  is  usually  at  least 
1,000  feet  below  the  surface.  The  effective  range 
depends  primarily  on  weight  of  explosive  charge, 
although  temperature  inversion  layers  may  affect  the 
useable  range.  Sizes,  weights  and  typical  range  dis- 
tances for  various  sizes  of  SOFAR  bombs  are  shown 
in  Table  3.2. 


TABLE  3.2  SOFAR  BOMB  CHARACTERISTICS 


Length, 

Inches 

Total 

Weight, 

Lb 

Explosive 

Weight, 

Lb 

Firing 

Depth, 

Feet 

10.06 

9.8 

4.0 

3.000- 

4000 

7.742 

3.0 

1.0 

3000- 

4000 

4.752 

2.0 

0.5 

3000- 

4000 

SONAR  Pinger  (SOund  Navigating  And  Ranging). 

Smalt  sonar  pingers  which  emit  an  acoustical  pulse  are 
useful  as  an  aid  in  localizing  an  object  in  the  water. 
Their  range  is  limited  by  the  depth  and  power  of  the 
transmitter  and  the  power  of  the  receiver/direction 
finder. 


Flotation  Devices 

For  water  landing,  flotation  of  the  vehicle  to 
ensure  its  retrieval  by  recovery  craft  (boat,  helicopter, 
etc.)  may  be  effected  by  augmenting  its  inherent 
buoyancy  in  several  ways: 

a)  Low  density  plastic  foam  installed  in  the  in- 
terstices or  unused  space  of  unsealed  com- 
partments 

b)  Sealed  compartments  and  empty  fuel  tanks 

c)  Inflatable  bladders  placed  to  fill  open  bays  in 
the  body,  e.g.,  main  decelerator  compartment 

d)  Deployable  gas  envelopes  stowed  in  internal 
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compartments  or  in  external  fairings,  pods  or 
blisters,  usually  inflated  during  descent 
e)  One  or  more  ram-air  inflated  envelopes  mount- 
ed on  the  parachute  harness  or  on  the  apex  of 
the  canopy 

Item  (c)  may  first  function  as  an  ejector  bag  to  dis- 
place the  main  decelerator  from  its  compartment 
when  direct  unassisted  extraction  by  pilot  chute,  or 
similar  means,  is  difficult  and  subject  to  random 
delays. 

Deployable  gas  envelopes  also  may  be  employed 
with  inherently  buoyant  vehicles  for  purposes  of  sta- 
bilization, or,  as  in  the  case  of  the  Apollo  command 
module,  for  righting  the  craft  from  the  inverted  stable 
floating  attitude.  These  are  usually  inflated  after 
splashdown. 

Flotation  Bags.  Flotation  bag  desigr  i ave  been 
developed  in  two  basic  forms 

a)  A sealed  gas  envelope  assembled  from  seg- 
ments of  coated  fabric  with  stitcher  . cement- 
ed, or  vulcanized  seams 

bl  A porous  structural  cloth  outer  envelope 
assembled  by  stitching  and  sealed  with  a vul- 
canized gas  envelope  (inner  tube)  of  thin  neo- 
prene or  silicone  rubber. 

Approach  (a)  has  seen  wider  use,  being  simpler  to 
fabricate,  but  is  structurally  inefficient  and  has  a low 
tolerance  for  water  impact  when  inflated.  Approach 
(b)  has  seen  limited  use  under  severe  operational 
conditions,  lightweight  units  withstanding  water 
impact  at  greater  than  90  fps  in  the  inflated  condition. 

Flotation  bags  other  than  the  ram-air  inflated  de- 
signs may  be  inflated  by  the  same  methods  used  in 
airbag  landing  systems.  Compressed  air.  nitrogen  and 
carbon  dioxide  are  common  inflation  gases  Because 
the  released  gas  is  discharged  at  high  velocity  and  ex- 
periences a large  temperature  drop  due  to  free  expan- 
sion,, it  is  usually  necessary  to  feed  the  flotation  bag 
through  a diffuser  or  other  means  of  slowing  and 
heating  the  gas  to  avoid  damaging  the  envelope  seal- 
ant. An  ambient-air  aspirator  also  may  be  used  for 
this  function,  reducing  the  compressed  gas  supply 
required  tor  full  inflation  at  the  same  time. 

Flotation  bags  inflated  prior  to  splashdown  are 
subject  to  increasing  external  atmospheric  pressure 
while  the  contained  gas  supply  usually  is  absorbing 
heat  and  increasing  in  temperature.  These  effects 
work  counter  to  each  other  and  both  should  be  taken 
into  account  when  determining  the  required  internal 
differential  pressure  at  sea  level  Since  the  envelope 
feed-line  is  sealed  with  a check-valve,  only  a reduction 
m pressure  can  be  transmitted  back  through  the  sys- 
tem to  a pressure  regulator,  if  such  is  required.  Thus, 
the  increase  in  gas  pressure  due  to  heating  during  the 


descent  must  be  allowed  for  in  the  structural  design 
along  with  the  compression  impulse  due  to  water 
impact. 

Engagement  Aids.  The  flotation  gear  usually 
includes  provisions  for  supporting  a structural  mem- 
ber in  an  accessible  position  for  grappling  and  engage- 
ment of  the  vehicle  retrieval  mechanism,  e.g.,  boat- 
hook, helicopter  tow.,ne.  etc.  Consideration  should 
be  given  to  the  problems  of  retrieval  by  boat  in  rough 
seas  and  of  helicopter  crew  safety  at  low  altitudes. 


CHAPTER  4 


MATERIALS  AND  MANUFACTURE 


Recovery  systems  or  their  component  subsystems  are  constructed  and  prepared  by  skilled  and  semi-skilled  per- 
sonnel, adhering  to  time  tested  fabrication  practices  in  which  principles  of  safety  and  reliability  are  emphasized. 
Primary  components  are  textile  structures  (parachutes,  air  bags  and  suspension  members ) which  are  subject  to 
dynamic  loading  during  a recovery  sequence.  Their  designs  range  from  relatively  simple  forms  to  complex  flexi- 
ble structures.  This  chapter  presents  technology  pertaining  principally  to  the  materials  and  manufacture  of  those 
subsystems  incorporating  textile  components,  and  includes  pertinent  data  bn  textiles  as  well  as  details  of  con- 
struction, assembly,  steps  of  fabrication  and  inspection. 

Progress  in  the  technology  of  fibrous  materials  continues  to  provide  better,  more  economical,  and  more  effi- 
cient solutions  to  the  problems  of  specific  systems,  and  in  particular  to  the  problem  of  degradation  when  subject- 
ed to  severe  environments.  Relatively  new  polymeric  fibers,  known  as  aramids,  are  proving  effective  in  textile 
applications  requiring  strength  at  temperatures  higher  than  those  which  limit  the  capabilities  of  conventional 
nylon  and  polyester  fibers.  A high  modulus  aramid,  now  in  quantity  production,  also  has  a potential  for  achiev- 
ing lighter  weight,  reduced  volume  textile  components. 

Manufacture  of  recovery  system  components  and  their  assembly- into  a deliverable  system,  often  in  a packed 
ready-to-operate  form,  involves  established  procedures  of  control  and  accountability  Such  procedures  affect 
identity  of  materials,  fabrication  to  dimension  of  component  parts,  final  assembly  including  functioning  lanyards, 
actuators  and  disconnect  devices.  Systematic  inspection  parallels  the  manufacturing  process.  These  procedures 
are  described,  including  the  equipment  used  in  manufacturing  and  inspection  functions. 


MATERIALS 

Most  materials  used  for  deployable  portions  of 
recovery  systems,  when  reduced  to  their  simplest  ele- 
ment — fiber  or  film  — respond  to  stress  with  nearly 
proportional  strain  within  greatly  abbreviated  limits. 
Since  varying  conditions  (temperature,  heat  treat- 
ment, and  stress-strain  rate)  change  markedly  the  rela- 
tionship of  any  given  substance,  results  of  experiments 
must  Continuously  be  utilized  to  determine  limits  in 
the  variation  of  behavior  of  these  visco-elastic  mater- 
ials from  the  behavior  of  other  structural  materials. 

In  general,  current  nylon  and  polyester  fabrics  are 
suitable  for  typical  parachute  applications.  The 
major  problems  arise  where  high  temperatures  are 
encountered,  e.g.,  aerodynamic  heating  with  deploy- 
ment at  high  speed,  friction-generated  heat  during 
deployment,  and  storage  entailing  elevated  tempera- 
tures. Also,  limitations  of  system  stowage  bulk  and 
weight  frequently  govern  design. 

Fundamental  characteristics  of  textile  fibers  and 
yams  are  described  in  this  section,  followed  by  basic 
information  of  textile  forms  used  to  fabricate  recov- 
ery system  components.  Most  applicable  fibers  are 
derived  synthetically,  including  many  from  polymeric 
chemical  compounds.  Of  special  interest  are  fibers 
with  a capacity  to  absorb  energy  of  loading,  or  those 


which  retain  useful  strength  margins  at  elevated  temp- 
eratures. Polymers  are  also  useful  as  films,  coatings, 
adhesives,  rigid  and  semi-rigid  foams  or  special  struc- 
tural forms.  Characteristics  of  crushable  structural 
materials  used  for  impact  attenuation  are  also  in- 
cluded. 

Textile  Fibers  and  Yarns 

Before  the  advent  of  man-made  fibers,  parachutes 
and  other  textile  goods  had  to  be  made  from  natural 
fibers  such  as  cotton,  silk,  wool,  and  flax.  The  first 
man-made  fiber,  rayon,  was  .commercially  produced 
in  the  United  States  in  1910.  Rayon  is  made  from 
cellulose,  the  fibrous  substance  of  all  forms  of  plant 
life,  which  is  then  regenerated  into  fiber  form.  Ace- 
tate fibers,  introduced  in  1924,  are  made  from  acety- 
lated  cellulose.  Nylon,  the  first  fiber  synthesized 
from  chemicals,  has  been  comhiercially  produced  in 
the  United  States  since  1939.  Extensive  research 
since  World  War  II  has  produced  and  developed 
numerous  organic  fibers,  many  of  which  are  in  high 
vc'ume  demand  for  today's  textiles. 

The  ingredients  of  most  man-made  fibers  come, 
from  plentiful,  low-cost  raw  materials.  Organic  fibers, 
other  than  cellulosic  rayons  and  acetates,  are  made  by 
chemically  combining  four  basic  elements;  carbon 
from  petroleum  or  natural  gas,  nitrogen  and  oxygen 
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from  the  air,  and  hydrogen  from  water,  to  form  long 
chain  polymers  from  which  fibers  are  synthesized.  In 
synthetic  fibers,  the  long,  chain-like  molecules  are 
oriented  by  mechanical  means  to  produce  a material 
whose  highly  anisotropic  mechanical  properties  are 
superior  to  molded  or  cast  specimen:  of  the  same  m 
material.  Most  man-mande  fibers  are  formed  by  forc- 
ing the  polymer,  in  a syrupy  (solubilized  or  at  melt) 
state  at  about  the  consistence  of  molasses,  through 
tiny  holes.  The  filaments  emerging  from  the  Holes  are 
then  hardened  or  solidified.  The  device  through  which 
the  material  is  forced  is  called  a spinneret.  The  pro- 
cess of  extrusion  and  hardening  is  called  filament 
because  of  its  singular  continuous  length.  During  or 
after  hardening,  the  filaments  of  a structural  fiber 
may  be  stretched,  reducing  the  fiber  cross-section  and 
causing  the  molecules  to  arrange  themselves  in  a more 
oriented  pattern.  A high  degree  of  orientation  will 
result  in  a higher  breaking  stress,  lower  corresponding 
elongation,  high  chemical  stability  and  low  dye  affin- 
ity. Optimum  strength  and  energy  absorbing  proper- 
ties may  be  contained  in  fibers  through  proper  control 
of  heat  and  stretch  during  the  manufacturing  process. 
Thus,  manufactured  fibers  may  be  "engineered"  to 
exhibit  special  qualities  and  characteristics  for  speci- 
fic end  purposes. 

Yarns  consisting  of  two  or  more  filaments  assem- 
bled or  held  together  by  twist  or  otherwise  are  called 
filament  yams.  When  a single  filament  is  woven  or 
otherwise  used  as  a yarn,  thread  or  line,  it  is  referred 
to  as  a monofilament.  Yarns  from  staple  (short  fibers) 
are  more  irregular,  and  therefore  are  less  efficient 
than  filament  yarns  of  equivalent  material.  Staple 
yarns  may  be  distinguished  from  filament  yarns  by 
the  short  ends  of  fibers  projecting  from  the  yarn  sur- 
face which  produce  a fuzzy  effect.  Added  physical 
properties  are  achieved  in  yarns  through  the  use  of 
machinery  to  impart  to  the  filaments  a number  of 
twists  or  turns  which  may  be  locked  in  by  heat  set- 
ting. A yarn  made  up  of  filaments  which  are  essen- 
tially parallel  or  running  together  with  the  same  twist 
is  known  as  a "singles  yarn”.  A small  amount  of 
twist  in  a singles  yarn  helps  to  keep  untensioned  fila- 
ments together,  and  to  equalize  minor  differences  in 
length.  Most  singles  yarns,  whether  continuous  or 
from  staple,  usually  contain  more  than  15  filaments. 

The  size  of  yarn  is  identified  by  a yam  number 
which  is  a measure  of  its  linear  density.  Staple  yarns 
use  the  "cotton  count"  method  which  gives  the  length 
per  unit  weight  in  number  of  hanks  (each  840  yards) 
which  equal  one  pound  to  denote  the  yarn  number; 


i.e.,  in  one  pound  of  No.  10  cotton  yarn  there  are  ten 
hanks  or  8400  yards.  It  should  be  noted  '.hat  cotton 
count  varies  indirectly  with  yarn  size. 

With  filament  yarns,  the  "denier*"  method  is  used 
which  gives  a direct  yarn  number,  weight  per  unit 
length.  Size  of  a filament  also  can  be  expressed  in 
grams  per  denier  units  of  linear  density.  The  lower 
the  denier,  the  finer  the  filament  or  yarn. 

The  number  of  twists  noted  in  turns  per  inch 
(tpi).  given  a yarn  at  the  spinning  frame  depends  on 
its  use  - weaving,  knitting,  braiding,  cordage,  etc. 
An  empirical  constant,  called  a twist  multiplier  is 
used,  which,  when  multiplied  by  the  square  root  of 
the  yam  number,  gives  the  number  of  turns  per  inch 
to  be  inserted  in  staple  yarns. ' 

Twist  (tpi)  = twist  multiplier  x V yarn  number 

A different  constant  or  twist  multiplier  is  used  for 
each  type  of  yam.  It  represents  a quantative  index  of 
the  relative  steepness  of  the  helix  angle.  The  twist  to 
be  inserted  in  filament  yarns,  or  yarns  identified  by 
direct  yarn  number,  is  determined  as  follows 

Twist  (tpi)  =.73MWi?VmvltlpjiSI. 

V denier 

The  direction  of  twist  m the  yarn  is  referred  to  as 
"Z"  or  "S".  Z twist  is  also  called  regular  or  warp 
twist.  The  yarn  helix  has  an  oblique  line  (when  helc 
vertically)  which  runs  from  left  to  upper  right  as  the 
center  line  in  the  letter  Z.  S twist,  also  called  reverse 
twist,  has  a helical  line  from  left  to  lower  right  as  the 
center  of  the  letter  S. 

Fiber  Properties.  Cross-sectional  shapes  and  sizes 
ot  fibers  can  vary  widely.  However,  a typical  or  rep- 
resentative manufactured  filament  is  round,  or  nearly 
round  in  cross-section,  and  about  a three  denier  sire 
A 3.1  denier  nylon  filament,  for  example,  has  a dia- 
meter of  approximately  % mil  (.00077  inch)  and  is 
extremely  supple.  Fibers  which  have  a high  modulus 
require  a smaller  cross-section  or  denier  to  provide 
equal  textile  flexibility. 

Natural  Fibers.  Although  used  extensively  in  the 
past,  natural  fibers  are  no  longer  in  general  use  in 
parachute  canopy  fabrics.  Cotton  cloths,  webbings 
and  tapes,  however,  do  find,  application  in  fabric 
accessories,  and  silk  sometimes  qualifies  better  than 
nylon  for  limited  special  purpose  lightweight  canopy 
applications. 


* Denier,  Grams  (mass)  of  9000  maters  of  yarn.  A yarn  number,  presently  being  adopted  world-wide,  the  tex  method  intendec 
for  all  yarns,  is  the  grams  (mast)  of  1000  meters  of  yam. 
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Cotton  . . . fibers  are  ribbon-like,  tubular  with 
tubes  often  collapsed  and  very  irregular  in  size  as  well 
as  shape.  Cotton  fiber  contains  88  to  96  percent 
cellulose.  Typical  yarns  are  spun  from  staple  lengths 
ranging  from  Vi  inch  to  1 VS  inches.  Cotton  fiber  is 
highly  moisture  absorbent,  strong,  burns  without  ■ 
melting  and  resists  most  organic  solvents,  but  is  dis  • 
tegrated  by  concentrated  sulfuric  acid.  Unless  treated, 
cotton  may  be  attacked  by  fungus,  bacteria  and  some 
insects. 

Silk  . . . fibers  are  smooth,  triangular  in  cross- 
section,  and  glossy  in  appearance.  Silk  is  a protein 
fiber  and  resembles  wool  in  chemical  structure,  but 
contains  no  sulfur  as  does  wool.  It  consists  largely  of 
the  amino  acid  alanine.  Silk  fabrics  burn  without  a 
sooty  residue,  the  temperature  of  decomposition  be- 
ing about  629* F.  The  fiber  dissolves  acids  and  strong 
alkalies.  Silk  may  be  attached  by  fungus,  bacteria  and 
insects. 

Manufactured  Fibers.  The  U.  S.  Federal  Trade 
Commission  232  has  established  generic  names  to  iden- 
tify most  manufactured  fibers.  Below  are  listed  the 
physical  properties  of  textile  fibers  within  each  name 
group;  most  are  long-chain  synthetic  polymers,  briefly 
defined  by  a key  to  the  molecular  structure  of  their 
fiber  forming  substances.  Only  properties  of  fibers 
applicable  to  recovery  system  textiles  are  considered, 
omitting  those  produced  for  special  commercial  yarn 
applications.  Experimentally  produced  fibers,  not 
generically  classified,  are  fluorocarbon,  graphite  and 
special  polymers  developed  for  strength  at  elevated 
temperatures.  Fiber  characteristics  may  vary  within  a 
generic  group  depending  on  the  manufacturer's 
methods.  , Many  fibers  are  produced  by  more  than  1 
one  manufacturer,  but  certain  fibers  and  yarns  are 
obtainable  only  from  a single  source.  Trade  names  of 
applicable  popular  fibers  are  given  with  the  manu- 
facturer referenced  in  the  following  list  describing 
representative  physical  properties  of  man-made  fibers. 

Polyester  ...  at  least  85%  an  ester  of  a substituted 
aromatic  carboxylic  acid,  including  terephthalate  units 
and  hydroxy-benzoate  units  (Dacron).  Fibers  are 
strong,  durable,  quick  drying,  resistant,  resilient  ana 
resistant  to  most  chemicals,  although  they  dissolve 
and  decompose  in  concentrated  sulphuric  acid.  In 
dry  heat  the  fiber  resists  degradation  and  discolora- 
tion up  to  300  F.  In  flame,  the  fiber  burns  with  melt- 
ing. but  when  withdrawn  is  usually  self-extinguishing. 

Rayon  . . regenerated  cellulose.  Fibers  are 

highly  absorbent,  durable  and  economical.  Hayon 
does  not  melt  but  loses  strength  above  300° F and 
decomposes  at  350*  to  464*F.  Rayon  burns  readily. 
The  effect  of  age  is  slight  to  none.  Sunlight  causes 
loss  of  strength  after  prolonged  exposure. 
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Nylon  ...  a polyamide  in  which  less  than  85%  of 
the  amide  linkages  are  attached  directly  to  two  aro- 
matic rings  (nylon  6,  nylon  6,6). ) The  fiber  is  strong, 
durable,  elastic,  abrasion  resistant  and  only  slightly 
absorbent.  Oxadi.’ing  agents  and  minerai  acids  cause 
degradation  of  nylon  depending  upon  time  of  expo- 
sure, temperature  and  concentration.  The  fiber  is 
essentially  inert  toalkaliesand  is  generally  not  affected 
by  organic  solvents  except  some  phenolii  compounds 
and  formic  acid  In  dry  heat,  nylon  6,6  resists  degra- 
dation and  discoloration  up  to  250°F,  It  sticks  at 
445°F  and  melts  at  415°F).  In  flame,  the  fiber  bums 
slowly  with  melting  3nd  is  usually  self-extinguishing 
when  removed  from  flame.  Originally  "nylon"  was 
net  a generic  term  but  was  DuPont's  name  for  their 
hexamethylene  diamene-adipic  acid  condensation 
polymer.  Because  both  the  amine  and  the  acid  con- 
tain 6 carbon  atoms,  this  most  popular  nylon  is  called 
type  6,6.  The  so-called  nylon  6 is  derived  from  ami- 
no acid  monomer  and  caprolactam  *o  polymerize 
amino-caproic  acid  (6  carbon  atoms). 

Aramid  . . a polyamide  in  which  at  least  85%  of 
the  amide  linkages  are  attached  directly  to  two  aro- 
matic rings  (Nomex,  Kevlar).  The  fiber  is  strong,  dur- 
able. dimensionally  stable,  resists  heat  and  is  only 
slightly  absorbent.  Aramid  fibers  do  not  melt  and  are 
self  extinguishing  when  removed  from  flame.  Nomex 
has  elastic  and  energy  absorption  properties  similar  to 
nylon,  but  maintains  its  strength  when  exposed  to 
elevated  temperatures  for  long  periods.  It  degrades 
rapidly  above  550°F.  Kevlar  is  a high  modulus  (low 
stretch)  fiber  which  exhibits  very  good  strength  and 
stability,  even  at  temperatures  in  excess  of  500°F. 

Fluorocarbon  . . . polymerized  from  tetrafluoro- 
ethylene  monomer  (Teflon],  The  fiber  if  non-absor- 
bent, resists  high  temperature  and  most  chemicals. 
The  fiber  does  not  degrade  below  40b°F.  It  sublimes 
above  550°F  and  vapors  am  toxic.  It  presents  a very 
low  oeifficient  of  friction  in  contact  with  other  mat- 
erials'. 

Polybenzimidazole  (PBI)  . . . spun  from  polyphen- 
ylene and  bibenzimidazole.  The  fiber  is  stronger  than 
other  polymeric  fibers  at  temperatures  above  500*  F. 
PBI  is  durable,  elastic  and  stable  like  nylon  except 
non-melting,  and  its  absortiency  is  similar  to  cotton 
and  rayon. 

Tensile  Strength.  The  absolute  value  of  a fiber's 
strength  must  be  related  to  its  cross-sectional  area  or 
to  its  linear  density.  Ter  site  strength  is  normally 
given  in  pounds  per  square  < inch  (psi),  however,  the 
textile  trade  uses  the  term  "tenacity"  to  describe 
strength  on  a grams  (force)  per  denier  (gpd)  basis.  It 
is  easier  to  determine  a fiber's  or  yarn's  relative  fine- 
ness by  weighing  a knov\n  length  of  a specimen. 
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rather  than  measuring  its  cross-sectional  area.  Also, 
yarn  weight  is  an  important  textile  physical  and 
economic  factor.  Since  denier  is  based  upon  weight 
per  unit  length,  it  follows  that  tenacity  is  influenced 
by  specific  gravity  of  the  fiber  material,  while 
strength  per  unit  area  (stress)  is  not.  Specific  gravity 
is  defined  as  the  ratio  of  the  unit  volume  weight  of  a 
substance  to  that  of  water  at  4°C.  To  convert  tenac- 
ity to  stress,  the  following  relationship  applies: 

Stress  (psi)  = 12,800  x specific  gravity  x tenacity  (gpd) 

The  tensile  properties  of  a structural  fiber  are  best 
illustrated  by  its  stress  vs  strain  characteristics,  or  in 
textile  terms,  its  tenacity  vs  elongation  pattern.  Poly- 
meric fibers  are  "non-Hookean"  i.e,,  they  do  not 
obey  Hooke's  law  which  states  that  the  strain 
(elongation)  is  linearly  proportional  to  the  applied 
stress.  Figure  4.1  exemplifies  the  stress-strain  pattern 
of  a common  polymeric  fiber.  It  shows  an  original 
region  OA  which  is  approximately  linear.  Point  A is 


Figure  4.1  Street  vs  Strain  of  a Polymeric  Fiber 

called  the  “proportional  limit".  Beyond  this  point, 
region  AB  develops  where  additional  incremental 
loading  produces  proportionately  larger  increases  in 
elongation  due  to  the  propensity  of  the  fiber  to. 
"creep."  or  slowly  elongate  under  steady  load.  A slope 
change  occurs  at  point  B,  followed  by  a stiffening 
region  8C  where  additional  loads  beyond  6 cause 
smaller  changes  in  elongation.  Finally  there  is  a sec- 
ond flow  region,  CD,  which  often  terminates  at  a 
point  ot  rupture,  U Stress-strain  patterns  of  other 
fibers  vary  in  slope  and  length  of  flow  regions.  These 
and  other  high  polymers  such  as  rubbers,  elastomers, 
and  plastics  are  said  to  be  "viscoelastic”.  The  molec- 
ular and  structural  nature  of  these  materials  is  such 
that  during  selected  periods  of  progressive  loading 
they  may  function  elastically  or  with  viscous  flow  or 
both  in  varying  amounts  at  the  same  time  under  ten- 
sion in  one  time  loading  to  rupture. 

Figure  4.2  snows  fiber  tenacity  versus  percent 
elongation  diagrams  for  a variety  of  fibers  at  standard 
conditions.  These  curves  portray  general  rather  than 
exact  values  of  strength  and  elasticity  of  fibers.  Spe- 


cific fiber,  information  may  be  obtained  from  yarn 
manufacturers.  The  selection  of  a fiber  for  a partic- 
ular purpose,  of  course,  is  dependent  upon  many 
property  requirements.  The  shape  of  the  stress-strair. 
curve  is  important  in  terms  of  the  fiber's  influence  On 
such  end  textile  properties  as  breaking  or  tear  strength 
energy  absorption,  dimensional  stability  and  abrasion 
resistance.  Variations  occur  in  stress-strain  properties 
of  a textile  if  the  fibers  are  cyclically  loaded  and 
relaxed  below  rupture  during  use. 

In  the  curves  of  Fig.  4.2,  a vertical  nib  shows  rup- 
ture at  breaking  tenacity  and  maximum  strain.  Each 
produced  fiber,  due  to  chemical  composition,  proc- 
essing, finishing  and  other  factors  controlled  by  the 
manufacturer,  has  its  own  characteristic  curve  anc' 
minimum  rupture  point.  For  example,  a high  tenac- 
ity polyester  fiber  (Dacron  52),  produced  by  DuPont 
will  show  a different  stress-strain  curve  than  a high- 
tenacity  polyester  fiber  produced  by  Fibre  Industries 
or  Beaunit.  Also,  a manufacturer  may  produce  more 
than  one  high  tenacity  polyester  fiber.  Hence,  critical 
textile  components  may  require  traceability  of  fiber 
source  and  definition  in  the  process  of  quality  assur- 
ance.of  the  end  product.  The  curves  of  Fig.  4.2  are 
from  data  in  manufacturer’s  technical  information 
bullentins  unless  otherwise  noted. 

In  evaluating  fibers  and  filament  yarns,  breaking 
tenacity,  breaking  elongation,  stiffness,  toughness, 
and  elastic  recovery  are  some  of  the  properties  which 
influence  selection  of  a textile  material.  Table  4.1 
lists  those  mechanical  properties  of  the  more  widely 
used  fibers  and  yarns  having  recovery  system  applica- 
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Figure  4.2  Tenacity  vs  Elongation  Of  Textile  Fibers 
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tion  potential.  The  first  column  gives  the  specific 
gravity  of  the  material  in  grams  per  cubic  centimeter. 

Breaking  tenacity  in  the  second  column,  denotes 
strength  in  grams  per  denier  at  the  point  of  rupture. 
A fiber  with  high  breaking, tenacity  is  proper  to  use 
where  weight  efficiency  is  needed  in  fabrics,  cordage 
or  threads.  Column  three  gives  breaking  elongation,  a 
percent  measure  of  the  amount  of  stretch  at  the  point 
of  rupture.  As  a general  rule,  high  strength  fibers 
have  low  e'ongation. 

The  ratio  of  change  in  stress  to  change  in  strain 
defines  the  "modulus"  of  a material  represented  aS 
the  slope  of  the  stress-strain  curve.  High  modulus 
materials  are  stiff  and  show  small  elongation  under 
load.  Low  modulus  materials  are  extensible  and  show 
high  elongation  under  load.  Column  four  of  Table  4.1 
gives  the  initial  modulus  (portion  OA  in  Fig.  4.1)  to 
denote  relative  resistance  to  stretch  of  the  material. 
Terms  are  grams  per  denier.  A high  stretch  resistance 
may  be  desirable  in  textiles  intended  for  repeated  use, 
since  a material  retains  its  original  dimensions  if  not' 
extended  to  the  permanent  set  point. 

The  area  under  the  load-elongation  curve  is  a meas- 
ure of  work  done  or  energy  absorbed  by  the  filament 
or  yarn.  This  property  is  called  "toughness".  When 
given  at  the  point  of  rupture,  work-to-break  is  an 
index  indicating  energy  absorption  capacity  referred 
to  a unit  of  mass  of  the  material  and  expressed  in 
gram-centimeters  per  denier  centimeter,  which  simpli- 
fies to  grams  per  denier. 

Table  4.1  continues  with  the  textile  property 
strain  recovery,  the  ratio  of  recovered  distance  to 
extended  length  If  most  of  the  elongation  is  non- 
recoverable  secondary  creep,  the  energy  absorption 
capacity  on  a subsequent  use  may  be  significantly 
reduced  to  the  point  where  failure  wili  i ■•suit.  Listed 
values  show  the  percent  recovery  of  fibers  and  fila- 
ment yarns  which  have  been  strains  < by  various 
amounts.  Strain  recovery  consists  of  two  types  of 
return;  immediate  elastic  recovery  and  delayed  recov- 
ery. The  difference  between  final  unloaded  length 
and  original  length  of  a fiber  or  yarn  occurs  as  perma- 
nent set.  After  being  strained  4%,  type  300  nylon 
(DuPont)  will  return  to  its  original  unstrained  dimen- 
sion; recovering  approximately  half  the  strain  imme- 
diately and  half  after  a delay  of  several  seconds  from 
a momentary  applied  load.  Even  after  strain  to  50% 
of  rupture  elongation,  this  type  of  nylon  recovers 
94%,  and  has  a permanent  set  of  only  6%.  Nylon's 
recovery  capability,  coupled  with  its  high  energy 
absorption,  permits  it  repeatedly  to  undergo  loading 
up  to  its  recovery  limit.  The  more  quickly  and  com- 
pletely a fiber  recovers  from  an  imposed  strain,  the 
more  nearly  elastic  it  is.  A highly  elastic  fiber  with 
high  strength  and  energy  absorption  capability  is  con- 
sidered optimum  in  textiles  for  many  recovery  system 


applications. 

The  moisture  content  of  a textile  material  will 
influence  its  weight,  its  general  dimensions,  and  many 
of  its  physical  properties.  Moisture  regain  is  a percent- 
age weight  of  water  absorbed  by  a fiber  over  its  bone 
dry  weight  after  reaching  equilibrium  at  65%  relative 
humidity  and  70° F. 

In  the  next  two  columns  of  Table  4.1  are  noted 
the  fifty  percent  and  zero  strength  temperatures  of 
principal  structured  fibers.  For  more  specific  in- 
between  values,  manufacturers  data  should  be  con- 
sulted. 

For  each  material,  there  is  a critical  velocity,  de- 
fined as  that  velocity  at  which  the  yarn  ruptures 
immediately  on  longitudinal  impact,  and  at  the  point 
of  impact.  At  ballistic  speeds,  viscoelasticity  has  nc 
opportunity  to  function,  limiting  the  energy  absorp- 
tion capacity  of  the  material  to  immediate  elastic 
deflection  applied  at  or  less  than  the  speed  of  sound 
in  the  material,  the  velocity  of  the  stress  wave  in  the 
fiber  being  the  critical  velocity.  The  final  column  of 
Table  4.1  gives  the  critical  velocity  for  several  of  the 
higher  strength  fibers  and  yarns 

Textile  materials  are  often  called  upon  to  with- 
stand "high  speed"  or  "impact"  loading  Decelerator 
fabrics,  suspension  lines,  risers  and  harnesses  are  typi- 
cal examples  of  textile  products  which  must,  have 
high  impact  strength.  In  textile  processing,  fibers  or 
yarns  may  be  impacted  at  low  loads  but  at  high  fre- 
quencies. During  fabrication  a sewing  machine  causes 
thread  to  be  impacted  at  velocities  up  to  180  ft/sec 
with  short  loading  pulses  of  less  than  one  millisecond 
duration.  In  cases  where  textiles  are  subiected  to  im- 
pact forces  it  is  required  that  they  have  the  capacity 
to  absorb  large  amounts  of  energy  in  an  exceedingly 
small  period  of  time. 

In  the  laboratory  the  load-elongation  diagram  of  a 
fabric  or  cord  is  normally  measured  on  a tensile  test- 
ing machine  capable  of  loading  a specimen  at  rates  no 

greater  than  400  percent  per  minute a relatively 

slow  rate  of  deformation  when  compared  with  service 
conditions.  At  loading  rates  below  the  critical  veloc- 
ity, breaking  strengths  of  most  viscoelastic  materials 
are  greater,  and  rupture  elongations  are  less,  when 
tested  under  "impact"  conditions  as  compared  with 
"static"  or  low  extension  rate  conditions.  A simple 
explanation  of  this  phenomenon  is  that  at  slow 
speeds  the  viscoelastic  fibers  have  time  to  deform, 
and  so,  plastic  flow  rather  than  immediate  failure 
takes  place,  with  accompanying  greater  elongation  to 
rupture.  Under  impact  conditions  the  viscous  compo- 
nents of  the  fiber  require  more  stress  to  cause  defor- 
mahonsat  high  speed.  Figure  4.3  shows  tenacity- 
elongation  curves  for  a few  high  tenacity  fibers  at 
differing  strain  rates. 
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TABLE  4.1 

MECHANICAL 

PROPERTIES  OF 

FIBERS  AND  FILAMENT  YARNS 

(Determined 

Specific 
Gravity 
(gm/cm3 ) 

at  65%  Relative  Humidity  and  70°F) 

Breaking  Breaking 

Tenacity  Elongation 

(gpd)  (%) 

Initial 

Modulus 

(gpd) 

Work-To 

Break 

(gpd) 

Cotton 

1.54 

3.0  -4.9 

3-7 

60-70 

.15 

Flax 

1.50 

1.50 

2.7-33 

175 

.08 

Silk 

1.34 

1.34 

10-25 

60-  116 

.40  - .80 

Acrylic 

1 14  & 1.19 

2.0 -3.5 

20-40 

4-13 

.26  - .58 

Modacrylic 

1 .'30  & 1 .37 

2.5 -3.0 

35 '-  39 

7-8 

.44  - .58 

Polyester. 

Dacron  (regular) 

1.38 

28-5.6 

24-42 

10-30 

.40-1.10 

Dacron  (hi-ten.) 

1 39 

6.3-95 

12-25 

30-120 

.50  - .70 

others 

1 .22  & 1 .38 

2.5  - 6.3 

24-45 

8-18 

.37-1.10 

Rayon 

viscose  (regular) 

1.52 

1 .5  - 2.4 

15-30 

5-16 

.18-22 

viscose  (int.  ten.) 

1.52 

2.0  - 3.2 

10-20 

12-32 

.16-24 

viscose  (hi  - ten.) 

1.52 

3.0  - 5.0 

9-22 

14-56 

.22  - .33 

Nylon 

nylon  6 (regular) 

1.14 

. 4 5-5.8 

26-32 

14-22 

.72  - .75 

nylon  6 (hi  • ten.) 

1.14 

6 8 - 8.6 

16-28 

24-54 

.69  - .95 

nylon  6.  6 (regular) 

1.14 

4.6  - 5.9 

24-40 

12-25 

.71  - .92 

nylon  6.  6 (hi  • ten.) 

1.14 

5.9-98 

16-28 

21-58 

.74  - .83 

Polybenzimidazole  (PBI) 

1.32 

5>0 

23 

115 

Figure  4.3 
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Tenacity  - Elongation:  Effect  of  Loading  Rato 
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TABLE  4.1  (cont'd)  MECHANICAL  PROPERTIES  OF  FIBERS  AND  FILAMENT  YARNS 
(Determined  at  65%  RH  and70°F,  except  strength  at  temperature) 


Strain 

Recovery 

(%@%e) 

Moisture 

Regain 

<%> 

50%  Str. 
Temp. 

(6F) 

Zero  Str. 
Temp. 

(°F) 

Critical 

Velocity 

(ft/sec) 

Cotton 

45  @5 

8.5  - 10.3 

Flax 

65  @2 

12 

Silk 

51  @ 10 

,11 

Polyester 

Dacron  (regular) 

76  @3 

.4 

Dacron  (hi-ten.) 

88  @ 3 

4 

400 

473 

1550 

others 

95  @5 

.6 

Rayon 

viscose  (regular) 

30  @20 

11-13 

viscose  (int.  - ten.) 

97  @2 

11-13 

viscose  (hi  - ten.) 

100  @ 2 

11-13 

■ 

Nylon 

Nylon  6 (regular) 

90  @10 

3-5 

Nylon  6 (hi  • ten.) 

100  @4 

3-5 

412 

Nylon  6,3  (regular) 

88  @ 3 • 

4.0  -4.5 

Nylon  (hi  - ten.) 

89  @ 3 

4.0 -4.5 

350 

475 

2020 

Aram  id 

Nomex- 

6.5  ■ 

540 

700 

1.450 

Kevlar 

100@3 

7.0 

750 

930 

1870 

Polybenzamida^ole  (PBI) 

11-13 

640 

850 

Two  aspects  must  be  clearly  separated  in  evalua-  be  avoided.  The  effect  of  temperature  on  the  rupture 

ting  the  effect  of  heat  upon  fiber  properties:  (1)  ten-  tenacity  and  initial  modulus  of  representative  para- 

sile  properties  of  fibers  tested  at  elevated  tempera-  chute  materials  is  depicted  in  Figures  4.4  and  4.5. 
tures;  (2)  tensile  properties  of  fibers  tested  at  room 
temperature  after  exposure  to  elevated  temperatures 
for  selected  time  periods.  The  former  indicates  tho 
capability  of  the  material  to  perform  at  the  required 
elevated  temperature.  The  latter  is  often  used  as  a 
criterion  of  heat  degradation  resistance.  Fabric  deg- 
radation by  heat  normally  is  a function  of  tempera- 
ture. time,  relative  humidity,  and  air  circulation.  Since 
many  heat  degradation  processes  involve  oxidation, 
the  greater  the  air  circulation  the  greater  will  be  the 
amount  of  oxygen  which  comes  in  contact  with  tha 
fiber,  with  more  rapid  degradation.  In  an  application 
where  an  item  will  be  subiected  to  tension  at  an  ele- 
vated temperature,  selection  of  a fiber  which  could 
become  soft  and  eftensible  at  that  temperature  must 


Recovery  System  Textiles 

Textiles  are  used  in  recovery  system  applications 
in  the  form  of  sewing  threads,  cords,  webbing,  tapes, 
ribbons,  felts  and  broad  woven  fabrics.  Their  princi- 
pal uses  are  the  construction  of  deployable  systems 
for  deceleration,  descent  control,  landing  energy 
absorption,  or  flotation.  Textiles  are  also  used  in  the 
construction  of  auxiliary  devices  such  as  parachute 
packs,  deployment  bags,  and  harnesses.  The  use  of 
textiles  in  such  applications  requires  knowledge  not 
only  of  strength,  elongation,  flexibility,  and  response 
to  environments,  but  also  of  air  permeability,  sew- 
ability  and  other  factors  not  usually  vital  to  the  use 
of  more  conventional  structural  materials.  The  physi- 
cal appearance  and  engineering  properties  of  a textile 
component  are  dependent  upon  many  variables, 
beginning  with  the  nature  of  the  fiber  and  the  proper- 
ties of  the  yarn.  Proper  utilization  of  the  several 
interdependent  variables  permits  the  engineering 
design  of  textile  forms  with  desired  weave,  texture, 
finish,  fabric  cover  factor,  fabric  density,  and  thick- 
ness. These  factors  in  turn  influence  such  properties 
as  breaking  and  tear  strength,  flexibility,  abrasion 
resistance,  air  permeability  and  overall  weight  effi- 
ciency. 

Tax 61*  Propertiee.  There  is  no  single  source  of 
data  on  properties  for  all  pertinent  textiles.  The 
mechanical  structure,  strength,  weight,  volume,  and 
dimensions  (and  for  some  textile  forms,  elongation 
and  air  permeability)  of  standard  nylon,  polyester, 
aramid.  cotton  and  rayon  materials  are  described  in 
appropriate  government  specifications.  Tables  sum. 
mat  izing  much  of  these  data  are  to  be  found  on  pages 
1 55  through  1 76. 


Strength- to-W*ight  Ratio.  Where  minimum  weight 
is  a design  objective,  an  efficiency  index  which  may 
be  applied  to  candidate  textile  forms  is  its  strength- 
to-watght  ratio  In  selecting  cords,  tapes  or  webbings 
tor  suspension  lines,  risers,  bridles  or  other  single 
direction  load  members,  this  index  may  be  deter- 
mined as 

breaking  strength  (pounds)  , 

weight  (pounds  per  foot) 

The  strength-to-weight  ratio  thus  derived  is,  a measure 
in  length  of  unloaded  cord  which  will  cause  rupture  by 
its  weight  alone.  Values  between  80 ,000  It  and  20,000 


ft  are  encompassed  by  nylon  cords,  with  the  higher 
figure  being  the  most  efficient.  The  strength-to-weight 
ratio  of  cloth  is  similar,  having  the  same  units 

breaking  strength  (Ibs/ft)  , = jndex  (feet) 

weight  (Ibs/ft1) 

Air  Permeability.  The  amount  of  air  which  can 
flow  through  a fabric  at  a given  pressure  differential 
across  the  fabric  is  a function  of  the  fabric  weave,  the 
number  of  yarns  per  inch,  yarn  crimp,  and  yarn  cross-, 
sectional  shape,  the  latter  influenced  by  yarn  denier 
and  yarn  twist.  All  of  these  variables  control  the 
shape  and  open  area  interstices  within  and  between 
yarns  through  which  air-flow  takes  place.  The  num- 
ber of  warp  and  filling  yarns  per  inch  is  known  as  the 
thread  count.  For  a given  yarn  number,  the  larger  the 
thread  count,  the  more  dense  and  opaque  is  the  fabric. 
The  ratio  of  fabric  area  occupied  by  yarn  to  the  total 
fabric  area  is  called  the  cover  factor. 

In  textile  terminology,  air  permeability  is  the 
volumetric  flow  rate  of  air  per  unit  of  cloth  area 
under  a certain  differential  pressure.  Textile  porosity 
is  defined  as  the  percentage  of  open  space  within 
the  volume  of  a fabric,  as  the  air  holes  in  a sponge  In 
parachute  terminology,  porotity  refers  to  the  ratio  of 
open  area  to  total  area  of  the  canopy  and  is  denoted 
as  geometric  porosity.XjC  expressed  in  percent. 

Air  flow  through  a textile  fabric  obeys  the  general 
rules  for  fluid  flow  through  an  orihce.  However,  fab- 
ric orifices  which  exist  because  of  the  interlacing  of 
warp  and  filling  yarns  are  small  m size,  odd  in  shape 
and  large  in  number.  These  seriously  complicate  air 
flow  calculations.  The  classical  expression  for  the 
flow  of  an  incompressible  fluid  through  an  orifice 
states  that  the  volume  flow  is  directly  proportional  to 
the  product  of  the  orifice  area  and  the  square  root  of 
the  pressure  differential  across  the  orifice.  The  pro- 
portionality constant  includes  coefficients  of  contrac- 
tion and  velocity,  the  approach  area,  the  fluid  density, 
the  gravitational  constant.  For  any  fabric,  air  flow  at 
a selected  pressure  differential  is  directly  proportional 
to  the  product  of  the  amount  of  open  area  within  the 
fabric  through  which  the  air  can  flow,  and  the  square 
root  of  the  pressure  drop  across  the  fabric : 

o - < if  a)  bd* 

where  0 * volume  flow  rate  per  unit  fabric  area 

FA  ■ Free  Area  (fractional  area  of  the  total 
fabric  area  not  occupied  by  yarns. 

K ■ proportionality  constant  dependent 
on  fabric  geometry  and  other  fluid 
flow  factors 

&4>  - pressure  differential  across  the  fabric 


For  a hypothetical  fabric  composed  fo  perfectly 
circular  yarns  which  do  not  elongate  under  applied 
pressure  differential,  the  air  flow  can  be  calculated 
from  the  above  formula,  provided  K is  known.  How- 
ever. most  textile  fibers  are  viscoelastic,  and  deform 
under  tensions  which  develope  as  a result  of  the  pres- 
sure applied.  The  determination  of  air  permeability 
becomes  further  complicated  because,  as  the  pressure 
increases,  the  yarn  elongations  produce  changes  in  the 
shape  of  the  interstices  and  the  total  free  area  in- 
creases, thus  producing  a concomitant  increase  in  air 
flew. 

In  the  laboratory,  air  permeability  is  measured  in 
cubic  feet  of  air  per  square  foot  of  fabric  per  minute 
at  a pressure  differential  across  the  fabric  equivalent 
to  one-half  inch  of  water  (U.S.  Standard.  Much  high- 
er differentials  may  develop  in  actual  use  of  fabrics 
in  parachutes.  Any  construction  factor  or  finishing 
technique  which  changes  the  area,  shape  or  length  of 
the  air  flow  path  can  appreciably  change  air  perme- 
ability. The  effect  of  yarn  twist  is  to  increase  air  per- 
meability with  increase  in  pressure  differential,  since 
more  turns  per  inch  under  tension  reduce  yarn  dia- 
meter. Yarn  crimp  permits  the  yarn  to  extend  easily, 
thus  opening  up  the  fabric  and  increasing  the  free 
area.  Hot  calendering  is  often  used  to  reduce  fabric 
air  permeability  by  flattening  the  yarns  so  that  their 
cross-sectional  shapes  are  elliptical  rather  than  circu- 
lar, thus  reducing  free  area. 

Tear  Resistance.  A broad  woven  fabric  under  load 
will  tend  to  rip  progressively  once  failure  starts  and 
develops  a high  local  concen  tract  ion  of  tension  at  the 
cross  yarns  immediately  ahead  of'  the  rip.  Resistance 
to  tearing  usually  results  when  the  unbroken  yarns 
are  able  to  slide  together  forming  a bundle  strong 
enough  to  take  the  increased  load  as  a group.  So- 
called  "rip-stop"  fabrics  are  woven  with  two  yarns 
together  at  regular  intervals  in  an  otherwise  plain 
woven  cloth  for  the  purpose  of  promoting  bundle 
strength.  Weave  patterns  other  than  plain  weave  are 
characteristically  more  tear  resistant,  but  cannot  pro- 
vide as  efficient  cover  and  low  air  permeability  in  a 
lightweight  fabric  for  parachutes  in  low  canopy  load- 
ing applications. 

Abrasion  Ratistanca.  Textiles  are  flexible  and, 
depending  upon  the  end  use.  repreeted  flexmg  as  well 
as  pure  abrasion  can  contribute  to  product  failure. 
TN.  evaluation  of  abrasion  resistance  of  a textile  re- 


quires consideration  of  service  performance  and  en- 
■ vironments  of  the  intended  application.  If  two  fabrics 
can  be  subjected  to  repeated  rubbing  or  flexing  cycles 
in  the  laboratory,  they  can  be  evaluated  for  relative 
appearance  strength  loss,  thickness  loss,  or  the  like. 
However  e correlation  of  actural  conditions  is 
crucial 

During  parachute  deployment,  textiles  move  rela- 
tive to  each  other  or  over  metal  or  plastic  parts,  and 
frictional  forces  are  generated.  Nylon  is  particularly 
susceptible  t'  ng  from  the  heat  generated  when 
3 parachute  ca  ■'<  / moves  in  contact  with  lines  which 
become  taut  at  ...  stratch,  or  when  a sleeve  is  with- 
drawn over  an  conflated.  stretched-out  canopy. 
Fabric  strength,  elongation,  smoothness,  dimensional 
stability,  abrasion  resistance,  seam  slippage,  jnd  the 
tendency  to  generate  a static  electric  charge  are  all 
dependent  upon  the  friction  property  of  a textile. 

Abrasion  resistance  of  textile  forms,  principally 
tapes  and  webbings,  ha.e  been  improved  by  increased 
yarn  twist.  Some  webbing  designs  have  three  or  more 
plies  woven  together  with  binder  yarns  to  minimize 
the  number  of  exposed  yarns  at  the  surface. 

Sewability.  Parachute  textiles  are  normally  assem- 
bled using  conventional  sewing  techniques,  including 
use  of  thread  of  the  same  material  as,  the  woven  fab- 
ric. Good  sewability  results  from  a proper  combina- 
tion of  thread  compatibility  with  machine  action  and 
proper  fabric  density  and  flexibility  of  materials 
being  joined.  In  heavy  strap  assemblies  excessive 
material  build-up  should  be  avoided  which  could  de- 
grade the  thread  6r  fabric  through  contact  with 
a sewing  machine  needle  that  is  hot  due  to  frictional 
heating. 

Ttxtil e Forrnt.  The  various  textile  torms  used  in 
construction  of  recovery  system  components  are  nor- 
mally procured  to  specification  In  the  following 
pages,  federal  and  military  specification  data  are  sum- 
marized and  presented  in  tables  at  a reference  source, 
useful  in  the  evaluation  and  selection  of  textile  mate- 
rials for  parachutes  and  related  items.  Frequently  the 
singles  yam  darner,  filament  count,  twist,  number  of 
plied  yams,  twist  direction  and  turns  per  inch  are 
specified.  As  a precaution,  final  design  should  be 
based  upon  information  from  the  latest  is*ue  of  the 
referenced  specification.  Further,  there  are  details  of 
weave  pattern  plus  methods  of  test  and  inspection  in 
the  printed  specification  which  are  not  repeated  here- 
in. 


Sewing  Threads.  Threads  and  cords  for  machine 
and  hand  sewing  are  available  in  many  constructions 
arid  sizes'  in  cotton,  nylon,  polyester,  Nomex  and 
Kevlar  aramid.  Characteristics  of  sewing  threads  de- 
fined by  government  specifications  are  given  in  Tables 

* Non:  The  following  statements  aoply  in  general  to  the  tables  of  textile  characteristics  throughout  this  chapter. 

Although  safe  practice  dictates  use  of  the  specification  minimum  strength  as  the  design  point,  the  result  will  generally  result  in 
an  over -designed  component  with  more  weight  and  bulk  than  is  necessary  to  meet  minimum  requirements. 

Specification  for  manufacture  of  nylon  doth,  ribbons,  tape,  webbing,  cords  and  thread  call  for  yam  that  is  a bright,  high  ten- 
acity, light  and  heat  resistant,  polyamide  prepared  from  hexamethylene  diamine  and  adipic  add  (nylon  6.61  or  its  derivatives, 
and  the  yam  shall  not  be  bleached  in  any  manner  or  process. 

Air  permeability  of  doth  is  determined  at  a pressure  differential  aquivaie.it  to  one-half  inch  of  water  unless  otherwise  noted. 

Weight  is  given  in  terms  of  length  per  pound  for  threads  or  cords.  The  maximum  limit  in  weight  is  intended,  and  so  must  be 
i ^presented  by  a minimum  limit  for  length  in  accordance  with  the  simplified  practice  of  measuring,  usad  by  the  textile  trade. 


TABLE  4.2  COTTON  SEWING  THREADS 


Type 

Size 

(ticket) 

(number) 

Min. 

Break 

Str. 

(lbs) 

Data  from  V-T-276, 
Min.  Ply 

Length 
per  Lb. 

(Vds) 

Reference  233 

Type  Size 

(ticket) 

(number) 

Min. 

Break 

Str. 

(lbs) 

Min. 
Length 
per  Lb. 
(ycis) 

Ply 

1 A&B 

140* 

1.1 

23.000 

2 

!C 

0 

2.6 

10281 

3 

90 

0.9 

17346 

2 

A 

2.8 

9216 

3 

70 

1.2 

14.065 

2 

B 

3.2 

7.761 

3 

9 

C 

4.0 

6.010 

3 

40 

2.c 

9.500 

W3 

J 

II  A 

30 

2.5 

7,531 

3 

70 

1.5 

13.441 

3 

70” 

1.6 

15.120 

3 

III  A&B 

10 

6.5 

2.501 

3 

50 

1.9 

10.081 

3 

8 

7.0 

2.001 

3 

40 

2.1 

8.491 

3 

9 

100 

1.831 

4 

30 

3.0 

6.441 

3 

8 

11.0 

1.501 

4 

20 

38 

5340 

3 

10 

9.5 

1301 

4 

50 

2.0 

11836 

4 ' 

10 

12.5 

1.501 

5 

40 

2.5 

9.406 

4 

10 

15.5 

1275 

6 

36 

2.7 

8.536 

4 

30 

3.2 

7276 

4 

IV  A&B 

8 

15 

1.601 

4 

24 

4.1 

5,721 

4 

8 

20 

1221 

5 

20 

4.7 

5,041 

4 

8 

24 

1.00’ 

6 

18 

5.5 

3881 

4 

8 

28 

871 

7 

12 

7.5 

2811 

4 

0 

32 

761 

8 

8 

36 

676 

9 

1C 

36 

1.3 

14,401 

2 

8 

40 

611 

10 

30 

1.6 

11301 

2 

8 

44 

561 

l 

000 

1.7 

15321 

3 

8 

4b 

501 

12 

00 

2.1 

12221 

3 

• Made  from  N0»  trade  cotton 
**  Lo«*  saapSa  cotton  yam,  S twist 


Type  I:  Machine  Thread:  A-soft  finish,  B glazed;  C-mercerized 
II:  Battng  Thread  A-gl#zed 
III:  Heavy  Thread  A-soft;  B-gia/ed 
IV  Shoe  Thread  A-soft;  B-gla/ed 
Color : May  be  specified 
Use:  Sewing  cotton  materials 
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4.2  through  4.6.  Listed  properties  of  minimum  break- 
ing strength,  maximum  weight  in  terms  of  minimum 
iength  per  pound,  ply  and  minimum  final  twist  where 
noted  are  specified  limit  values.  A class  of  thread 
usually  identifies  more  than  one  limit  of  breaking 


I 


0000 

.85 

45.200 

2 

17 

000 

1.30 

29,500 

3 

13 

00 

1.85 

25.800 

2 

12 

A 

2.75 

16.900 

3 

10 

AA 

390 

12,600 

2 or  3 

9 

8 

550 

8.200 

2 or  3 

7 

E ' 

8.50 

5.600 

3 

6 

F 

11 

3,750 

4 

5 

FF 

’6 

2.725 

3 

4 

FFF 

17 

2,900 

3 

4 

3 

24 

1800 

3 

5 

4 

32 

1.300 

3 

4 

5 

40 

1.000 

3 

3V. 

6 

50 

850 

3 

3 

7 

6C 

725 

3 

3 

8 

68 

625 

3 

2 V, 

9 

80 

550 

3 

2'6 

10 

90 

450 

3 

2 

0000 

85 

40.000 

2 

16 

0-  ■ 

1 30 

26  000 

3 

12 

1 35 

23.000 

A 

<c 

12 

A 

2 75 

15.000 

3 

9 

AA 

390 

11.800 

2 or  3 

8 

B 

550 

7.375 

2 or  3 

6 

E 

8 50 

5,000 

3 

5 

r- 

1 1 

3.350 

4 

4 

FF 

16 

2.450 

3 

3% 

3 

24 

1 690 

3 

4V, 

4 

32 

1,200 

3 

4 

r 

40 

950 

3 

3V, 

£_ 

■ -Sfl 

WBmEm 

3 

3 

7 

70 

650 

3 

8 

68 

575 

3 

9 

80 

500 

3 

, 10 

99 

450 

3 

0000 

0 85 

49.000 

1 

000 

1.30 

34.400 

1 

00 

1 85 

23,900 

1 

A 

2 75 

16.350 

1 

AA 

3 40 

13.300 

1 

B 

550 

8.000 

1 

E 

3 50 

52C0 

1 

F 

11 

3.850 

FF 

16 

2.500 

1 

3 

24 

1.700 

1 

4 

32 

1.300 

1 

5 

40 

1.000 

1 

6 

50 

850 

1 

7 

60 

725 

1 

8 

68 

625 

1 

9 

80 

600 

1 

10 

90 

510 

1 

A 

3.50 

13.000 

2 

C 

5.75 

8.900 

2 

E 

11 

4.300 

2 

6 

2C 

2.320 

■ 3 

8 

16 

7.520 

3 

10 

14 

3210 

3 

12 

11.20 

4,180 

3 

elongation.  When  specif:ed,  the  lower  elongation  is 
usually  satisfied  by  high  tenacity  yam.  Types  of 
thread  differentiate  between  finished  treatments  such 
as  softness,  bonding,  twist,  waxing,  etc. 

Kevlar  aramid  is  a relatively  new  fiber  with  good 
potential  for  use  in  carachute  textiles.  According  to 
Reference  137  sewing  threads  of  Kevlar;  29  aramid 
have  been  produced  in  standard  constructions  and 
tested  for  sewability  on  commercial  high  speed  sew- 
ing machines.  No  maior  problems  were  encountered. 
In  designing  the  Kevlar  29  threads,  diameter  was  felt 


to  be  the  most  important  criterion.  Consequently, 
each  size  of  Kevlar  thread  was  made  to  the  same  dia- 
meter as  its  nylon  counterpart  so  that  in  all  cases  the 
threads'  are  significantly  stronger  than  nylon.  Even 
though  knot  and  loop  strength  efficiencies  are  lower 
than  those  of  nylon  150-60%  for  Kevlar),  absolute 
values  are  nevertheless  approximately  twice  those  of 
a similar  sized  nylon  product.  Table  4.6  presents 
properties  of  Kevlar  29  aramid  thread  in  a few  nylon 
thread  sizes. 


TABLE  4.4  POLYESTER  SEWING  THREADS 


Type 

Size 

Data  from  V-T-285,  Reference  235 

Min.  Break  Min. 

Break  Elong.  Length 

Str.  (>er  Lb. 

(lbs)  <%)  (y*; 

Rly 

Min. 

Final 

Twist 

(tpi) 

Type  1. 

00 

1.4 

25* 

26.500 

2 

12 

Class  1 

A 

2.0 

25* 

17.600 

3 

10 

AA 

3.0 

25* 

13200 

■ 2 

9 

B 

43 

23* 

f>.50d 

2 or  3 

7 

E 

8.0 

20* 

5,700 

3 

6 

F 

106 

20*  . 

4.200 

4 

5 

FF 

16.0 

20* 

2.600 

3 

4 

3 

2 r 

15 

1.800 

3 

5 

4 

32 

%+• 

1.370 

3 

4 

5 

40 

15*  • 

1,120 

3 

4 

6 

48 

15* 

900 

3 

3 

7 

54 

15* 

780 

3 

3 

8 

60 

15* 

680 

3 or  5 

3 

■ 

9 

65 

15* 

6C0 

3 

3 

10 

70 

15* 

590 

3 or  6 

2.5 

Type  1, 

OC 

1 25 

15-35 

21,200 

2 

11 

Class  3 

A 

1.90 

15-T1- 

3,650 

3 

9 

B 

380 

15  r. 

7,000 

2 or  3 

6 

_ E 

6.80 

te  > 

4,550 

3 

5 

F 

7.60 

3,500 

4 

4 

3 

20.40 

' i b-*'*: 

1,450 

3 

3 

4 

27.25 

15-35 

910 

3 

3 

5 

34  00 

15-35 

700 

3 

3 

6 

41.00 

15-35 

600 

3 

2.5 

7 

47  70 

15-35 

515 

3 

2 

* Maximum  elongation  ter  Ctw  I low  elongation  timed. 

Type  I,  twisted  soft  multiple  cord.  Type  II,  twisted  bonded  multiple  cord;  and  Type  III,  bonded  monocord 
Class  1 , low  elongation  thread. 

Class  3,  heat  stable  • low  shrinkage  thread, 

Use:  The  Type  I,  Ctasa  3 thread  is  specifically  intended  for  use  in  parachutes  that  are  subject  to  exposure  at 
elevated  temperatures. 
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TABLE  4.5 


THREAD,  NYLON.  NON  MELTING 


Data  from  MIL-T-43636,  Reference  236 


Type  Size 

Min. 

Break 

Str. 

(lbs) 

Max. 

Break 

Elong. 

(%> 

Min. 

Length 
per  Lb. 

(yds) 

Ply 

Min. 

Final 

Twist 

(tpi) 

1 B 

34 

38 

8900 

2 

7 

E 

5.2 

38 

6000 

3 

6 

fZ 

6.9 

38 

4500 

4 

5 

FF 

10.2 

38 

3000 

3 

4 

3 

15.4 

42 

2000 

3 

4% 

4 

20.5 

42 

1500 

3 

4 

5 

25.6 

42 

1200 

3 

3 V4 

6 

30.7 

42 

1000 

3 

3 

7 

35.8 

42 

850 

3 

3 

II  B 

3.4 

38 

8400 

2 

7 

E 

5.2 

38 

5700 

3 

6 

F 

6.9 

38 

4200 

4 

5 

FF 

10.2 

38 

2800 

3 

4 

3 

15.4 

42 

1900 

3 

4% 

4 

20.5 

42 

1400 

3 

4 

5 

25.6 

42 

1150 

3 

3 Vi 

6 

30.7 

42 

950 

3 

3 

7 

35.8 

42 

800 

3 

3 

Material:  Nomex,  manufactured  by  E.  1.  DuPont  de  Nemours  and  Co.,  Inc. 

Type  1:  Twisted,  soft  multiple  cord.  Type  II: 

Twisted,  bonded  multipie  cord. 

For  Type  III,  bonded  monocord,  see  Ref.236. 

9 r- 

Use  Sewing  protective  clothing,  other  flight  safety  equipment  and  parachute  use  at  200°  to  400°  F. 


TABLE 

4.6  THREAD,  PARA-ARAMID.  INTERMEDIATE  MODULUS 

Size 

Min. 

Break 

Str. 

(lbs) 

Data  from  MIL  T-87128,  Reference  271 

Min.  • , Yams 

Length 
per  Lb. 

(yds)  denier  ply 

Twist 

(tpi) 

singles 

ply 

A 

8 

20.000 

100 

2 

20S 

10Z 

B 

16 

10,000 

200 

2 

12S 

6Z 

E 

25 

6,700 

200 

3 

12S 

6Z 

F 

35 

5,000 

200 

4 

10S 

5Z 

FF 

60 

3350 

400 

3 

8S 

4 Z 

3 

8G 

' 2,100 

400 

5 

10S 

5Z 

5 

150 

1,050 

1000 

4 

7S 

314Z 

6 

175 

900 

1500 

3 

6S 

3Z 

8 

225 

550 

1500 

5 

5S 

2ViZ 

Material. 

Kevlar  29,  manufactured  by  E. 

1.  DuPont  de  Nemours  and  Co„ 

Inc. 

Type:  Twisted,  soft  multiple  cord. 

Finish.  Waxed  or  with  a resin  finish.  Add  suffix  "R"  to  thread  size  if  desired  with  polyvinyl 
butyral  resin  treatment.  Allow  % to  1%  dry  add-on  weight  (14  to  1%  fewer  yds/lb). 
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Braided  Cords.  Cords  for  suspension  lines,  risers, 
tow  cables  and  numerous  equipage  applications  are 
available  in  standard  constructions  and  strengths,  in 
cotton,  nylon,  polyester  and  Nomex  aramid.  Cords 
of  braid  construction  are  available  in  a broad  range  of 
sizes  and  strengths.  A braid  is  a tubular-type  fabric 
formed  by  the  diagonal  intersection  of  yarns,  each 
yarn  assuming  the  shape  of  a helix.  There  are  no 
warp  and  filling  yarns  in  the  sense  of  a woven  fabric. 
Instead,  only  the  warps  may  be  considered  to  inter- 
sect as  a plain  weave  (one  over  one),  or  a basket 
weave  (two  over  two).  A braiding  machine  uses  two 
sets  of  spools  containing  the  braiding  yarns.  One  set 
runs  clockwise,  the  other  counter-clockwise,  both  in  a 
horizontal  plane.  The  clockwise  and  counter-clock- 
wise passes  cause  the  two  sets  of  yarns  to  intersect, 
thus  producing  a tubular  braid.  Depending  upon  the 
number  of  spools  (carriers),  the  nature  of  the  yarn, 
and  the  path  of  the  spools,  various  types  of  braids 
can  be  produced.  The  tube  can  be  braided  about  a 
central  core  of  yarns,  thus  producing  a firm  cord 
composed  of  a core  and  braided  sleeve.  A core  and 
sleeve  cord  must  be  designed  to  have  equal  ultimate 
rupture  elongation  in  both  core  and  sleeve  for  effi- 
ciency. 

Properties  of  minimum  breaking  strength,  mini- 
mum breaking  elongation,  maximum  weight  in  terms 
of  minimum  length  per  pound,  and  yarn  data  are  list- 
ed for  nylon  and  aramid  cords  in  Tables  4.7  through 
4.10  as  specified  limits  and  values. 


Load-Elongation  of  Cords.  Characteristic  curves 


of  Figure  4.6  are  representative  of  the  load  perform- 
ance of  cords  in  tension.  These  curves  are  composites 
formulated  from  static  test  data  on  typical  nylon 
braided  cords  listed  in  Table  4.8,  and  Dacron  cords 
similarly  woven  to  these  specifications.  The  curves 
represent  a mean  from  data  that  varied  with  norma! 
distribution  in  strength  within  o-m  type  by  as  much 
as  6%  and  elongation  by  17%.  Performance  mean 
curves  of  all  types  tested  (usually  identified  by  rated 
strength)  showed  the  same  degree  of  variation.  The 
load-elongation  pattern  of  Figure  4.6  may  be  useful 
for  preliminary  design  purposes,  but  should  be  sup- 
ported with  adequate  test  sampling  of  the  specific 
cord  procurement  lot  for  critical  design. 
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Figure  4.6  Load  t*  Elongation  of  Cords 


TABLE  4.7  NYLON  CORDS  WITH  CORE 


Data  from  MIL-C-5040,  Reference  238 


Type 


Min. 

Min. 

Min. 

Sleeve 

Yam 

Picks 

Break 

Break 

Length 

per 

Str. 

Elong. 

per  Lb. 

, 

inch 

(lbs) 

<%> 

(ft) 

denier 

ply 

and* 


■ Core  Yarn 


denier 


ply 


1 

100 

30 

1050 

70 

3 

IA 

100 

30 

1050 

210 

3 

II 

400 

30 

315 

210 

3 

IIA 

225 

30 

495 

210 

3 

III 

550 

30 

225 

210 

3 

IV 

750 

30 

165 

,210 

3 

Type  IA  and  IIA  are  coreless;  Type  II  has  one  black  yarn  in  sleeve. 
Color:  Natural,  olive  drab  or  sage  grien. 

Use:  Personnel  parachute  suspension  lines  and  eauipage. 

150 


26-28 

26-28 

4-7 

210 

3 

26-28 

26-28 

4-7 

210 

5-3 

26-28 

7-9 

210 

5-3 

26-28 

11 

210 

10-6 

16-8 

TABLE  4.8  CORELESS  BRAIOED  NYLON  CORDS 


Type 

Min. 

Break 

Str. 

(lbs) 

Data 

Min; 

Break 

Elong. 

(%) 

from  MIL-C-7515,  1 

Min. 

Length 
per  Lb. 

(ft) 

Reference 

239 

Picks 

per 

inch 

denier 

ply 

ends 

1 

400 

' 20 

330 

210 

3 

48 

11-13 

la 

400 

20 

330 

840 

1 

32 

13-1314 

II 

550 

20 

255 

840 

1 

48 

10-12 

lla 

530* 

20 

300 

840 

1 

40 

14-16 

III 

750 

20 

150 

210 

3 

96 

8 Vi-10 

Ilia 

800 

20 

175 

840 

1 

72 

10-12 

IV 

1000 

20 

120 

840 

1 

96 

7-9 

V 

1500 

20 

90 

840 

1 

144 

6Vi-8 

VI 

2000 

20 

60 

840 

1 

192 

4Va-6Va 

VII 

2500 

20 

45 

840 

1 

224 

4’/2-6 

VIII 

3000 

20 

36 

840 

i 

288 

b'h-Th 

IX 

4000 

20 

27 

840 

4 

96 

5v-7 

X 

5000 

20 

22 

840 

4 

120 

4V»-6 

XI 

300 

20 

480 

210 

1 

112 

14-15’/! 

XII 

0000 

20 

12 

210 

7 

576 

4-5 

Xlla 

0000 

20 

12 

210 

7 

576 

4-5 

XIII 

50 

20 

2700 

70 

1 

64 

22’/i-26 

X 1 1 la 

50 

20 

3000 

210 

1 

16 

17-19 

XIV 

100 

20 

1200 

210 

1 

48 

21-24 

XV 

200 

20 

675 

210 

3 

24 

13-16 

XVI 

1250 

20 

105 

840 

1 

112 

6’/i-8 

XVII 

1750 

20 

75 

840 

1 

160 

5'/!-7 

XVIII 

2250 

20 

51 

840 

1 

208 

5-6 

XIX 

3500 

20 

30 

840 

1 

336 

5'/i-7 

XX 

4500 

20 

24 

840 

4 

108 

5’/!-6’/! 

XXI 

5500 

20 

18 

840 

4 . 

132 

4’/!-5’/! 

XXII 

6000 

20. 

15 

840 

4 

144 

■ 4'/!-5’/! 

• limit  i*  570  Ibt. 


Color:  Nai'iral,  olive  drab,  sage  green. 

Use:  Cargo  type  parachutes  ! la  and  Ilia  for  low  cost  parachutes;,  lla  for  weak  link  in  a personnel  parachute 
line;  XI  for  tow  cables). 


.60 


f 
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TA8LE  4.9  CORD,  AROMATIC  POLYMIDE,  NON  MELTING 
Data  from  MIL-C-83242,  Reference  240 


Type 

Min. 

Min. 

Min. 

Break 

Break 

Length 

Str. 

Elong. 

per  Lb. 

(lbs) 

<%) 

(ft) 

1 

100 

20 

780 

II 

375 

20 

230 

III 

550 

20 

165 

Material:  Nomex;  manufactured  by  £. 


Core  Yarns  Sleeve  Yarns 


denier  ply  denier  ply 


coreless  200  4 

200  7&3  200  4 

200  7&3  200  . 4 

I.  DuPont  de  Nemours  and  Co.,  Inc. 


Color:  Natural 

Use:  Personnel  parachute  suspension lines;  equipage 


Strength  Diameter ' 

Translation 
Efficiency 

(%)  (inch) 


TABLE  4.10  CORD.  CPRELESS,  PARA  ARAMID.  INTERMEDIATE  MODULUS 


TYPE 

BREAKING 

STRENGTH 

(Ib/min) 

Data  from  MIL-C-87129,  Reference  272 

BASIC 

NO.  OF  ENDS/  TOTAL  YARN 

CARRIERS  CARRIER  ENDS  DENIER 

SINGLE 

YARNS 

FINAL 

PLIED 

YARN 

YARN 

TWIST 

(turns/ 

inch)* 

PICKS/ 

INCH 

LENGTH 

LB 

(ft  min) 

1 

35 

4 

1 

4 

200 

1 

5.0 

9.0 

15,000 

II 

70 

8 

1 

8 

200 

1 

5.0 

18.0 

7,200 

II! 

140 

8 

1 

8 

400 

1 

5.0  ' 

12.0  . 

3,600 

IV 

400 

16 

1 

16 

200 

3 

2.5 

15.0 

1,200 

V 

600 

16 

1 

16 

, 1,000 

1 

4.0 

12.5 

800 

VI 

750 

16 

1 

16 

■1,500 

1 

3.0 

10.5 

475 

VII 

1000 

16 

16 

1,000 

2 

2.1 

10.0 

375 

VIII 

1500 

16 

16 

1,500 

2 

1.8 

8.0 

225 

IX 

2000 

16 

16 

1,500 

3 

1.0 

6.5 

150 

X 

3500 

16 

16 

1,500 

6 

1.0 

5.5 

75 

XI 

5000 

24 

1 

24 

1,500 

5 

1.0 

5.5 

65 

XU 

6500 

24 

24 

1,500 

6 

1.0 

4.0 

55 

• Half  of  the  carrier*  S twitt,  half  of  the  carrier*  Z twi*t 


Narrow  Woven  Fabrics.  The  strength  of  a structure 
depends  upon  the  total  denier  of  the  yarns  being  bro- 
ken, the  tenacity  of  those  yarns,  and  the  strength 
translation  efficiency,  i.e.,  the  effectiveness  with  which 
yarn  tenacity  is  translated  into  tenacity  of  the  struc- 
ture. In  any  material,  two  basic  (but  not  independent) 
choices  can  be  made,  namely  the  denier  and  number 
of  warp  yarns  to  be.useci.  The  basis  for  this  selection 
must  be  strength  and  width  of  the  narrow  fabric 
being  made,  for  in  sucn  materials,  the  filling  yarns 
serve  only  to  hold  the  structure  together,  and  have 
little  influence  on  the  strength,  except  to  the  extent 
that  they  may  affect  the  strength  translation  efficien- 
cy of  the  warp  yarns. 

Aramid  yarns  are  currently  limited  to  a minimum 
200  denier  in  the  producer's  production  size,  al- 
though, nylon,  polyester  and  a few  other  yarns  are 
produced  in  20  to  30  denier  size.  Yarn  strengths  vary 
from  effeecS  of  twist.  Hence,  the  optimum  strength  of 
narrow  woven  fabrics  may  depend  on  twist  as  well  as 


yarn  denier.  Yam  denier  is  selected  to  provide  bulk 
of  the  weave  in  a structure  of  specified  width,  i.e., 
neither  too  tight  nor  too  loose.  A tight  fabric  is  diffi- 
cult to  weave.  Excessive  looseness  results  in  a sleazy 
fabric  which  is  unsuitable  for  most  applications, 
though  its  strength  translation  efficiency  may  be  high. 
A thinner  low  porosity  fabric  may  be  woven  from  the 
finer  yams.  A higher  cost  of  low  denier  yarns  is  some- 
times a compromising  factor  in  choosing  aramid  yarns. 

Webbings  and  tapes  for  parachute  canopy  struc- 
tural and  reinforcement  members,  risers,  suspension 
lines,  harnesses  and  numerous  equipage  applications 
are  available  in  cotton , rayon  .nylon , polyester,  Nomex 
and  Kevlar  aramid.  Certam  of  these  narrow  woven 
fabrics  are  classed  as  ribbons  and  ring  bands  for  the 
construction  of  ribbon  and  ringslot  parachute  cano- 
pies. Characteristics  of  the  available  range  of  webbings 
and  tapes  defined  by  current  military  specifications 
are  given  in  Tables  4.1 1 through  4.32. 


TABLE  4,11  COTTON  WEBBING 
Data  from  MIL-W-5665,  Reference  241 


Type 

Min. 

Break  Str. 

(lbs) 

Width 

(inch) 

Max. 

Weight 

(oz/yd) 

Thickness 

(inch) 

Warp  Ends 

ply  number 

1 

350 

9/16+1 /I  e 

.40 

.040— .050 

4 

68 

II 

575 

1±1/16 

.75 

.040— .050 

4 

122  , 

III 

750 

1-1/4±1/16 

.90 

.040— ;050 

4 

158, 

IV 

1900 

3±1/8 

2.50 

.050-  100 

3 

220 

V 

3100 

5±1/8  ■ 

4.30 

.050-:  100 

3 

350 

VI 

1800 

1-3/4±1/16 

,3.00 

.070— .090 

5 

116 

VII 

2600 

1 -3/4±  1/16 

3.00 

.140-.  170 

• 7 

122 

VIII 

2900 

1-3/4+1/16 

3.00  ' 

.075— .095 

7 

132 

IX 

4500 

3±1  /8 

4.65 

.090— .1 1 5 

6 

175 

X 

5000 

1 -3/4±  1/16 

3.60 

.130— .160 

6 

160 

XII 

1000 

1-3/4±1/16 

1.25 

.040— .060 

4 

220 

XIII 

3400 

1 -3/4±  1/16 

3.40 

.095— .130 

6 

126 

XV 

4500 

1-3/4±1/16 

3.50 

.130— .150 

6 

150 

XVI 

2700 

1-3/4±1/16 

2.60 

.090— .115 

7 

124 

XVII 

1000 

1±1V16 

1.25 

.075— .095 

' 5 

70 

XVIII 

1250 

2-1/2±1/16 

1.40 

;050— .060 

4 

270 

XIX 

2500 

211/16 

3.68 

.120— .150 

139 

XX 

200 

5/811/16 

.45 

.075-. 095 

3 

40 

* Filling  yarn*  on  the**  webbings  are  nylon. 


Color:  Natural,  olive  drab  or  other. 

Filling:  Types  VII,  X,  XV,  and  XVI  nylon  filament  yarn. 

Use:  Cargo  parachute  harness,  packs,  drop  kits,  tie  down  lines,  hoists:,  slings,  etc. 

Class:  IA  (undyed;  not  fungus  proofed);  IB  (undyed;  fungus  proofed);  2A  (dyed;  not  fungus  proofed) 
2B  (dyed;  fungus  proofed);  3 (resin  dyed;  fungus  proofed  during  dyeing). 


162. 


ri- 


TABLE  4.13  NYLON  WEBBING 


Data  from 

MiL-W-83279,  Reference  244 

Type 

Min.  Width  Max. 

Thickness  Warp  Ends 

Binder 

Filling 

Break 

Weight 

min.  picks 

Str. 

per  inch 

(lbs) 

(inch)  (oz/yd) 

(inch)  ply 

no.  ply 

ends 

ply 

no. 

I 

6,000 

.80  1 .8 

.20  3 

150  1 

24 

3 

16 

II 

9,000 

.90  2.5 

.22  5 

138  1 

22 

. 3 

16 

III 

12,000 

1.00  3;3 

;26  7 

132  1 

21 

5 

13 

Yam: 

840  denier,  140  filaments,  Vi  Z turns  per  inch 

1 

Color: 

Natural 

Idcnt  : 

Type  1,  t ack  thread  in  selvage;  Type  II,  red  thread  in  selvage;  Type  III,  yellow  thread  in  selvage 

Use: 

Aerial  retrieval  parachutes  and  accessories 

TABLE  4.14 

NYLON  WEBBING. 

TUBULAR 

Data  from  MIL-W-5625,  Reference  245 

Min. 

Width 

Max. 

Thickness 

Warp 

Ends 

Filling 

Break 

Weight 

min. 

picks 

Str. 

per  inch 

(lbs) 

(inch) 

(oz/yd) 

(inch) 

ply 

no. 

ply 

no. 

950 

3/8 

.40 

.090 

1000 

1/2 

.50 

.090 

1 

m 

26 

i 

1500 

9/16 

.60 

.090 

1 

137 

26 

i 

1850 

5/8 

.70 

.100 

2 

89 

26 

2 

2300 

3/4 

.95 

, .120 

2 

109 

26 

2 

3100 

7/8 

1.00 

.120 

4000 

1 

1.70 

.120 

' 2 

159 

26 

2 

Color: 

Natural 

Ident  : 

1 12,  3/4  and  1 inch,  black  yarn  center  one  face;  9/16  inch,  black  yarn  center,  both  faces; 

5/8  inch,  2 black  separated  by  3 white  yarns  ■ 

Use: 

Parachute  construction 

TABLE 

4.15  NYLON  WEBBING 

. Data  from 

MIL-W-27657,  Reference  246 

Type 

Min. 

Width  Max. 

Thickness 

Warp  Ends 

Binder 

Filling 

Break 

Weight 

Ends 

min.  picks 

Str. 

per  inch 

(lbs)  (inches)  (oz/yd)  (inch) 

ply  no. 

ply 

no. 

ply 

no. 

1 

3,000 

3/4±1/16  .90 

.080-.095 

2 105 

1 

7 

2 

22 

II 

4,000 

1±1/16  1.25 

.090— .1 10 

2 145 

1 

9 

2 

22 

iil 

6,000 

1 ±1  /1 6 1.65 

.100-.  120 

2 224 

2 

16 

IV 

8,700  1-23/32±1/16  2.40 

.080-.  100 

2 324 

2 

18 

V 

9,000 

1+1/16  2.40 

.175-.  195 

3 224 

2 

17 

VI 

10,000 

1-3/4±1/16  2.70 

.115— .135 

2 250 

2 

18 

Yam:  840/140  ultraviolet  resistant 

Color:  Natural 

Use:  Aerial  retrieval  equipment 


TABLE  4 16  NYLON  WEBBING 
Data  from  MIL-W-9049,  Reference  247 


Min. 

Width 

Max. 

Min. 

Length 

Min. 

Warp 

Filling 

Break- 

Weight 

Break 

of  Loop 

Loop 

min.  ends 

min.  picks 

Str. 

Elong. 

Str. 

per  inch 

(lbs) 

(inches) 

(oz/yd) 

(%) 

(inch) 

(lbs) 

ply  no.  tpi ' 

ply  no.  tpi 

400 

1/4*1/16 

22 

20 

1/4+1/16 

185 

1 180  42 

2 60  2ViS 

Cut  Lengths:  Class  1, 2-5/8  io  2-7/8;  class  2,  3-5/8  to  3-7/8;  class  3,  5-7/8  to  6-1/8. 
Color:  Natural 

Use:  Locking  and  reinforcing  parachute  packs 


TABLE  4.17  POLYESTER  WEBBING 


Data  from 

MIL-W-25339, 

Reference  248 

Type 

Min. 

Width 

Max.  - 

Thickness 

Warp 

Filling 

Break 

Weight 

min.  ends 

min.  picks 

Str. 

per  inch 

(lbs) 

(inch) 

(oz/yd) 

(inch) 

ply  no. 

ply  no. 

1 

1800 

1-23/32*1/16 

1.30 

.040— .050 

7 108 

9 18 

II 

3000 

1±1/32 

1.80 

,.110-140 

10  120 

10  20 

III 

8700 

1-23/32*1/16 

3.75 

.125-.  145 

10  210 

9 20 

IV 

9700 

2*1/16 

4.35 

.1 10— .130 

10  346 

10  18 

Yarn:  220  denier,  high  tenacity,  continuous  filament,  2V4  — 3 Vi  tpi. 

Color:  Natural 

Ident : Type  I,  two  red  threads  at  center  of  warp;  Type  III,  two  green  threads  at  center 

Use:  Parachutes  exposed  to  high  temperature  conditions 


TABLE  4,18  POLYESTER  WEBBING 
Data  from  MIL-W-25361,  Reference  249 


Type 

Min. 

Width 

Max. 

Thickness 

Max.  % Elongation  at 

Break 

Weight 

2500  lb  3000  lb  90%  of 

Str. 

break 

(lbs) 

(inch) 

(oz/yd) 

(inch) 

1 

3600 

1-23/32*1/16 

1.65 

.040— .065 

18 

II 

6000 

1-23/32*1/16 

2.10 

.060— .080 

13 

17.5 

III 

7000 

1-23/32*1/16 

2.50 

.075- .090 

12 

17.5 

IV 

8700 

3*1/8 

3.50 

.065—085 

12 

18:5 

Color:  Natural 

Use:  Safety  belts,  harnesses 


165 


TABLF  119  POLYESTER  '//EBBING,  IMPREGNATED 
Data  from  MIL-W-19078,  Reference  250 


Condition 


Untreated 

Treated 


Max. 

Weight 

(oz/yd) 


Thickness 


1-23/32±1/16 


Warp  Ends 


ply  no. 


2 256 


.075— .1 15 


Weight*:  Untreated  plus  .30  oz/yd  max. 

Latex:  Natural  or  polyisoprene  with  curatives 

Use:  Safety  belt  shoulder  harnesses 


TABLE  4,20  LOW  MODULUS  AfiAMID  WEBBING 
Data  from  Ml  L-W -38283,  Reference  251 


picks  per 
inch 


Type 

Min. 

Break 

Str. 

(lbs) 

Width 

(inch) 

Max. 

Weight 

(oz/yd) 

Thickness 

(inch) 

Warp 

min.  ends 

ply  no. 

Yarn 

denier 

W&F 

Filling 
min.  picks 
per  inch 
oly  no. 

1 

500 

9/16±1/32 

.28 

.025— .040 

4 

70 

200 

2 

34 

II 

600 

1±1/32 

.40 

.015—030 

4 

80 

200 

2 

34 

Ifl 

5,500 

1-23/32±1/16 

2.75 

.080— .1 10 

2 

250 

1200 

2 

20 

IV 

3,600 

1-23/3211/16 

1.75 

.055— .075 

2 

154 

1200 

1 

16 

V 

9,000 

3-1/3211/8 

4.50 

.075-110 

2 

403 

1200 

2 

22 

VI 

8.700 

1-23/3211/16 

4.35 

.145— .175 

3 

259 

1200 

2 

18 

VII 

1,200 

1-23/3211/16 

.70 

.015— .030 

4 

146 

’ 200 

2 

34 

VIII 

6,500 

1-23/3211/16 

3.00 

.090-.  120 

2 

272 

1200 

2 

17 

IX 

6.000 

111/16 

2.70 

.140-.  175 

2 

252 

1200 

2 

17 

X 

10,000 

1-3/411/16 

4.30 

.140— .175 

3 

282 

. 1200 

2 

17 

XI 

9,000 

111/16 

4.10 

.220— .260 

4 

199 

1200 

2 

18 

XII 

7/300 

1-23/3211/16 

3.40 

.090-.  120 

2 

305 

1200 

2 

17 

XIII 

800 

1-1/411/32 

.50 

.015— .030 

• 4 

106 

200 

2 

34 

XIV 

2,500 

111/32 

1.20 

.060— .080 

2 

192 

1200 

1 

14 

XV 

1,700 

1-1/2H/16 

1.35 

.045— .065 

1 

1.77 

1200 

1 

47 

Yarn:  Twist  of  plied  yarns  shall  be  2-'/a  turns  per  inch  min. 

Material:  Nomex;  manufactured  by  E.  I.  DuPont  de  Nemours  & Co.,  Inc. 

Binder:  Types  III,  V,  VI,  XI  and  XV  include  a single  binder,  1200  denier  in  warp. 

Color:  Olive  green 

Use:  Parachute  construction  and  accessories,  safety  belts,  bomb  hoists  and  slings,  etc 


I 


TABLE  4,21  LOW  MODULUS  ARAMID  TUBULAR  WEBBING 
Data  from  MIL-W-38282,  Reference  252 


Type , 

Min. 

Width 

Max. 

Min. 

Max. 

Warp  Ends 

Filling 

Break 

Weight 

Break 

Thickness 

Str. 

Elong. 

picks  per 

(lb) 

(inch) 

(oz/yd) 

(%) 

(inch) 

ply 

no. 

inch 

1 

1400 

9/1 6±  1/16 

.60 

12 

.080 

4 

149 

24 

II 

2300 

3/4±1/16 

.95 

15 

.095 

8 

125 

24 

III 

4000 

1±1/16 

1.60 

20 

.120 

8 

211 

24 

Yarn:  200±1 5 denier;  100  filaments,  twist  2'/j  turns  per  inch 
Material:  Nomex;  manufactured  by  E.  I.  DuPont  de  Nemours  & Co.,  Inc. 
Color:  Sage  green 

Use:  Parachute  construction 


3DULUS  ARAMID  WEBBING.  TUBULAR 
Data  from  MIL-W-81528,  Reference  253 


rH  NYLON 


Min. 

Min. 

Width 

Max. 

Break 

Elong. 

Weight 

Str. 

(lbs) 

(%) 

(inch) 

(oz/yd) 

2400 

18±2* 

. 1 /2±  1/16 

1.00 

Thickness 

(inch) 
.120-.  160 


Warp 
min.  ends 

webbing  core 

288  80 


min.  picks 
per  inch 


Applies  to  tut  elongation  at  2000  lb  tension 


Yarn:  Tubular  warp  200  denier  . Core  warp  210  denier,  10  ply  or  1 100  denier,  2 ply. 

Material : Nomex  for  tubula.  webbing;  nylon  66  for  core  yarn. 

Color:  Not  specified 

Use:  Drogue  withdrawal  line  for  ejection  seat  system. 

TABLE  4.23  TAPE  AND  WEBBING,  TEXTILE,  PARA-ARAMID  INTERMEDIATE  MODULUS 
Data  from  MIL-T-87130,  Reference  273 

MIN. 

MAX.  BREAKING  WARP  FILL 

TYPE  CLASS  WIDTH  WEIGHT  STRENGTH  DENIER  PLY  TOTAL  DENIER  PLY  PICKS  WEAVE 


(inches)  (oz/yd) 


.05 

250 

200 

1 

42 

200 

1 

35 

Plain 

.09 

550 

400 

1 

39 

400 

1 

22 

Plain 

.12 

800 

200 

1 

122 

200 

1 

35 

1/3  Twill - 
Center  Reversal 

.56 

3,500 

1500 

1 

79 

,1000 

1 

1 24 

Plain 

.13 

800 

'400 

1 

58 

400 

1 

32 

Plain 

.10 

500 

200 

1 

90 

200 

1 

38 

Plain 

.50 

3,000 

,1500 

2 

31 

1500 

1 

12 

Plain 

.60 

4,100 

1500 

2 

41 

1500 

1 

11 

Plain  ■ 

TABLE  4.23  (Continued) 


TYPE  CLASS 

WIDTH 

(Inches) 

MAX. 

WEIGHT 

(oz/yd) 

Data  from  MIL-T-87130,  Reference  273 
’ MIN. 

BREAKING  WARP  FILL 

STRENGTH  DENtER  *LY  TOTAL  DENIER  PLY  PICKS  WEAVE 

(lb)  ENDS  (per  in) 

VI 

2 

1 

.12 

525 

200 

1 

90 

200 

1 

50 

plain 

3 

1 

.11 

750 

200 

1 

108 

200 

1 

35. 

Pla  n 

4 

1 

.23 

1,400 

400 

1 , 

102 

400 

1 

31 

Plain 

5 

1 

.22 

1,500 

400 

1 

108 

400 

1 

26 

Plain 

6 

1 

36 

.2.400 

1500 

2 

24 

1500 

1 

14 

Plain 

7 

1 

44 

3,200 

1000 

2 

48 

1000 

1 

15 

Plain 

8 

1 

.55 

3,000 

1500 

2 

30 

100C 

1 

12 

Plain 

9 

1 

1.00 

6,000 

1500 

3 

44 

1500 

1 

10 

Plain 

10 

1 

1.50 

9,500 

1500 

3 

76 

1500 

1 

8 

2/2  HBT  - 

Center  Reversal 

11 

1 

1.65 

12.500 

1500 

3 

89 

1500 

1 

9 

Plain 

VII 

1 

i-54  , 

.23 

1.100 

400 

1 

96 

400 

1 

34 

■ 

2 

U 

45 

2,750 

1000 

2 

45 

1000 

2 

12 

Plain 

6 

l-'/e 

2.00 

13.500 

1500 

2 

140 

1500 

2 

14 

5/1  HBT  - 

Center  Reversal 

VIII 

1 

l-'A 

.23 

800 

400 

1 

60 

1000 

1 

26 

Plain 

IX 

1 

1-’/» 

.12 

500 

200 

1 

82 

200 

1 

48 

P'ain 

2 

i -y. 

1,100 

200 

1 

172 

200 

1 

36 

Plain 

5 

i-% 

3,000 

•000 

1 

96 

1000 

1 

18 

Plain 

X 

1 

i-% 

.17 

1,000 

200 

1 

156 

200 

1 

34 

Plain 

2 

i-% 

.35 

1,200 

400 

1 

103 

1000 

1 

23 

Plain 

3 

i % 

.45 

2,500 

1000 

1 

84 

1000 

1 

16 

Plain 

5 

i-% 

60 

4.000 

1000 

2 

55 

1000 

1 

15 

Plain 

6 

i-% 

80 

4,500 

1500 

4. 

50 

1500 

1 

17 

Plain 

7 

i-% 

1.00 

6,500 

1500 

1 

140 

1500 

1 

11 

Plain 

8 

i-% 

1 .20 

8,000 

1500 

2 

88 

1000 

1 

10 

Plain 

9 

i-% 

1.75 

10,000 

1500 

2 

127 

1500 

1 

12 

2/2  HBT  • 

Center  Reversal 

11 

i-% 

2.40 

,15,000 

1500 

3 

121 

1500 

1 

13 

Double  Plain 

13 

i-% 

2.50 

20,000 

1500 

3 

137 

1500 

1 

9 

Double  Plain 

XI 

3 

2 

.121 

400 

200 

1 

60 

200 

1 

50 

Plain*11 

5 

2 

.15 

600 

200 

1 

96 

200 

1 

50 

Plain 

7 

2 

.16 

800 

200 

1 

124 

200 

1 

42 

Plain... 

9a 

2 

.23 

1,000 

200 

1 

164 

200 

1 

46 

oi  • (2> 

Plain 

9b 

2 

.18 

1,000 

200 

1 

150  . 

200 

1 

45 

Plain 

11 

2 

.26 

1,500 

400 

1 

108 

400 

1 

31 

Plain 

13 

2 

.32 

2,000 

400 

1 

142 

400 

1 

30 

Plain 

14 

2 

37 

2,500 

1000 

1 

77 

400 

1 

26 

Plain 

15 

2 

.44 

3,000 

1000 

1 

96 

400 

1 

24 

Plain 

16 

2 

.60 

4,000 

1000 

2 

58 

1000 

1 

20 

Plain  ' 

17 

2 

.80 

5,000 

1500 

1 

110 

1500 

1 

13 

Plain 

19 

2 

1.05 

8,000 

1500 

1 

160 

1500 

1 

12 

Plain 

1 1 ) Coating  is  needed  for  seamability 
(2)  8 turns  per  inch  in  *verp  yarn 
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TABLE  4.24  WEBBING,  TUBULAR,  PARA-ARAMID,  INTERMEDIATE  MODULUS 


Data  from  Ml  L-W-87127,  Reference  274 


WIDTH 

(in)'1’ 

WEIGHT 
LIN.  YD 
(max) 
(oz/yd) 

BREAKING 
STRENGTH 
(lb  min)'3’ 

ENDS 

IN 

WARP 

PICKS 

PER 

INCH12’ 

SINGLE  YARN/ 
FINAL 

PLIED  YARN 
WARP  FILL 

' . .-vRN 
DENIER 
WARP  FILL 

1/2 

0 25 

1250 

39 

40 

1 

1 

1000 

1000 

9/16 

0.30 

1500 

45 

34 

1 

1 

1000 

1000 

9/16 

0.35 

2000 

41 

27 

1 

1 

1500 

1000 

3/4 

0.50 

2800 

59 

27 

1 

1 

1500  . 

1500 

1 

0.70  , 

3500 

81 

27 

1 

1 

1500 

1500 

( ■ ) Width  tolerance  ± 1 /1 6 inch 

(2)  Hr<f  on  each  side  of  flattened  tube 

(3)  Requirement  based  on  any  single  specimen 


TABLE  4.25  COTTON  TAPE  AND  WEBBING 


Data  from  MIL-T-5661,  Reference  254 


1/4+1/32 

3/8+1/32 

1/2*1/32 

5/3±1/32 

3/4±1/32 


3/4+1/32 
■ 1+1/32 

1. 1/4t1/32 
1-1/2±1/32 
1-3/4*1/32 


Max. 

Weight 

(oz/yd) 


Warp  Ends 


no.  ply 


herringbone 


1/2±1  /32 
5/8*1/32 
3/4±1/32 


5/8*1/32 


non-elastic 


Color:  Natural  (bleached) 

Use:  Type  I,  Reinforcing  tape  on  fabric;  others,  binding  and  reinforcing  parachute  packs. 
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TABLE  4.26  RAYON  TAPE  AND  WEBBING 
Data  from  MIL-T-5237,  Reference  255 


Type  Min.  Width  Min.  Min.  Min.  Weave 

Break  Length  Warp  Picks 

Str.  per  ib  Ends  per  in. 

(lbs)  (inch)  (ft) 


TABLE  4.28  NYLON  TAPE  AND  WEBBING 
Data  from  MIL-T-8363,  Reference  257 


Type 

Min. 

Width 

Max. 

Thickness 

rWarp 

Ends- 

— Filling 

Break 

Weight 

picks 

Str. 

(lbs) 

(inch) 

(oz/yd) 

(inch) 

ply 

no. 

ply 

per  in. 

denier 

1 

350 

5/16  1/32 

.08  min 

.030 -.040 

1 

121 

'l 

60 

210/34 

II 

290 

7/16  1/32 

.09  min 

.020-030 

1 

98 

1 

72 

210/34 

III 

400 

3/4  1/16 

.50  max 

.050— .060 

2 

88 

3/3 

48 

210/34 

IV 

2600 

3/4  1/16 

1 .05  max 

.070— .085  2/1 

135 

1 

24 

840/140 

V 

1000 

25/32  1/16 

.70  max 

.050— .060 

4 

87 

10 

32 

260/17 

Color:  Sage  green 

Use:  Intended  for  flight  clothing  and  accessories 


TABLE  4.29  NYLON  TAPE 


Data  from 

MIL-T-5666,  Reference  258 

Min. 

Min. 

Width 

Max.  Thickness 

Warp  Ends 

Picks 

Break 

Break 

Weight 

Str. 

Elong. 

(lbs) 

<%) 

(inch) 

(oz/yd)  (inch) 

per  in. 

500 

20 

1-3/4±1/16 

.40  .020-025 

199 

84 

Yarn.  Warp  denier  210  ± 5%.  filling  denier  420  1 5%. 

twist  2-’/j  turns  per  inch  min. 

Color:  Sage  green;  olive  drab 

Use:  Parachute  packs 


TABLE  4,30  NYLON  TAPE 


Data  from 

MIL-T-6134, 

Reference  259 

Type 

Min. 

Min. 

Width 

Max. 

Thickness 

Warp  Ends 

Filling 

Break 

Break 

Weight 

Str. 

Elong. 

picks 

(lbs) 

(%> 

(inch) 

(oz/yd) 

(inch) 

ply 

no. 

ply  per  in. 

1 

525 

16 

U1/16 

.400 

.025-  045 

1 

206 

4 

44 

II 

300 

14 

1 11/16 

145 

010-030 

1 

104 

2 

' 58 

Yarn-  Warp  denier  210;  twist  2-14  turns  per  inch  min. 

(Filling  yarn  twist.  Type  II  * 15  tpi) 

Color:  Natural 

Use.  Parachutes,  Type  I for  skirt  bands;  Type  II  for 
reinforcing  bands 
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TABLE  4.31  NYLON  TAPE 
Data  from  MIL-T-5608,  Reference  260 


Class 

Type 

Max. 

Break 

Str. 

(lbs) 

Min. 

Break 

Elong. 

(%) 

Width 

(inch) 

Min. 
Length 
per  lb 
(ft) 

Warp 

denier 

Ends 

min. 

no. 

Filling 

picks 

per 

denier  inch 

A 

1 

' 13 

18 

1/4+1/64 

3900 

20 

72 

40 

140 

II 

18 

18 

3/8+1/64 

2625 

20 

104 

40 

140 

III 

43 

18 

5/8+1/32 

1320 

20 

237 

40 

140 

IV 

65 

18 

1-1/4+1/16 

780 

20 

352 

40 

140 

V 

96 

18 

211/16 

495  , 

20 

537 

40 

140 

B 

1 

22 

18 

1/4+1/64 

2910 

30 

86 

40 

118 

II 

33 

18 

3/8+1/64 

1950 

30 

126 

40 

118 

III 

70 

18 

5/8±1/32 

1080 

30 

237 

40 

118 

IV 

120 

18 

1-1/4+1/16 

630 

30 

392 

40 

118 

V 

200 

18 

2±1/16 

360 

30 

657 

40 

- 

VI 

500 

18 

5±3/l6 

150 

30 

1616 

40 

— 

C 

1 

39 

22 

1/411/64 

2310 

40 

100 

40 

82 

II 

58 

22 

3/811/32 

1565 

40 

148 

40 

82 

III 

90 

22 

5/811/32 

1005 

40 

227 

40 

82 

IV 

158 

22 

1-1/411/16 

480 

40 

457 

40 

82 

V 

300 

22 

211/16 

300 

40 

757  ' 

40 

80 

D 

1 

280 

18 

1-1/411/16 

240 

.210 

94 

210/2 

52 

II 

460 

18 

211/16 

135 

210 

154 

, 210/2 

52 

E 

1 

650 

18 

1-1/411/16 

150 

210 

240 

210/2 

36 

II 

1000 

18 

211/1.6 

90 

210 

378 

210/2 

36 

III 

1500 

— 

211/16 

66 

420 

280/1 

420 

36 

IV 

2000 

— 

211/16 

51 

420 

378/1 

420 

36 

V 

3000 

— 

211/16, 

39 

840/1 

260 

. 840/1 

26 

VI 

4000 

- 

211/16 

33 

840/1 

350 

420/1 

24 

Yarn:  Class  A tapes  are  semi-dull,  normal  tenacity,  light- 
resistant  nylon,  others  are  bright,  high  tenacity, 
heat  and  light-resistant  nylpn. 

Color:  Natural  except  Class  B,  Type  VI  (international 
orange)  and  Class  C,  Type  V (yellow). 

Air 

Permeability:  IBOcfm/ft1  for  Class  A,  B and  C,  tv.',  inches  or 
wider  ribbons. 

Use  Construction  of  ribbon  parachutes. 
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TABLE  4,32  NYLON  TAPE 
Data  from  MIL-T-27746.  Reference  261 


Min.  Break  Str. 

Total 

Each 

Max. 

Air 

Min.  Yarn  Count 

(Ibs/in) 

Width 

Selvage 

Weight 

Permeability 

(yarns/in) 

Warp  Fill 

body  selv. 

(inch) 

(inch) 

(oz/yd) 

(cfm/ft2 ) 

Warp  Fill 

body  selv. 

625  900  450 

11  ±1/4 

1-1/8±1/16 

3.5 

70+20 

48  41  36 

Yarn  Selvage  — 2 ends  of  840/140  denier  woven  as  1 : twist  2-3/4  "2"  turns  per  inch. 
Color  Natural 

Use:  For  construction  of  ringslot  parachutes. 


Broad  Woven  Fabrics.  Textile  fabrics  are  woven 
on  a loom  with  warp  yarns  running  the  bolt  length 
direction  and  filling  yarns  a»  right  angles  fed  from 
shuttles  which  return  alternately  from  side  to  side. 
The  edge  of  the  woven  fabric  is  usually  reinforced 
with  strong  warp  threads  in  a "selvage"  having  good 
tear  resistance.  Fabrics  are  available  for  parachute 
construction  in  nylon,  polyester,  Nomex  aramid,  ray- 
on. and  cotton.  Material  weights  vary  from  1 to  14 
oz/yd2 . Broad  woven  fabrics  are  available  from  the 
loom  in  standard  36-inch  or  other  width  rolls,  with 
warp  and  fill  yarns  usually  the  same  in  strength  and 
number  per  inch.  In  very  lightweight  fabrics,  tear 
resistance  is  critical  requiring  a special  ripstop  weave, 
and  low  air  permeability  is  hard  to  maintain.  Selvages 


provide  strong  edges  for  seaming,  but  cut  cloth  edges 
require  special  care  in  fabrication.  Because  of  the 
limitation  in  Kevlar  aramid  yarn  deniers  available  to- 
day, the  lightest  broad  woven  fabric  of  acceptable 
porosity  which  can  be  made  from  200  denier  Kevlar 
yarn  is  about  2’/j  oz/yd2 . This  has  strength  equiva 
lent  to  nylon  fabric  weighing  about  7 oz/yd2.  As  a 
result,  weight  savings  can  be  realized  only  on  the 
heavier  nylon  fabrics,  many  of  which  are  duck  weaves 
used  in  parachute  packs. 

Characteristics  of  textile  fabrics  currently  avail- 
able and  defined  by  military  specifications  are  given 
in  Tables  4.33  through  4,40. 


TABLE  4.33  COTTON  CLOTH 


Data  from 

MIL-C-4279.  Reference 

262 

Type 

Min. 

Min. 

Min. 

Air 

Min. 

Weight 

Break 

Tear 

Permeability 

Yams 

Str. 

Str. 

per 

(oz/ydJ ) 

(tbs) 

(tbs) 

(cfr.i/ft2 ) 

inch 

Warp  Fill 

Waip  Fill 

Warp  Fill 

II 

3.5 

48  42 

3.0  2.5 

170-230 

54  56 

III 

3.6 

48  45 

3.0  2.5 

130-190 

56  58 

, Weave: 

Plain 

Finish: 

Type  III  (Softener  and  mildew  inhibitor  treated) 

• 

Use 

Cargo  parachute  canopies 

TABLE  4.34 

NYLON  OR  RAYON  CLOTH 

' 

Data  from  Ml  L-C- 19262, 

Reference 

263 

Type 

Class 

Max. 

Total 

Included 

Min. 

Min. 

Min. 

Min. 

Air 

Weight 

Ribbon 

Selvage 

Break 

Elong. 

Tear 

Selvage 

Permeability 

Width 

Width 

Str. 

both 

directions 

Str. 

Str. 

(cfm/ft2 ) 

(oz/yd5 ) 

(inch) 

(inch) 

(Ibs/in) 
Warp  Fill 

(%) 

Warp 

Fill 

(lbs) 

1 

A 

5 

1311/4 

1-1/411/8 

350  130 

25 

45 

20 

475 

45-75 

B 

8 

1311/4 

M/411/8 

560  210 

30 

70 

30 

775 

45-75 

C 

10 

1111/4 

1 -1/811/8 

625  425 

30 

75 

60 

625 

60-100 

II 

A 

5 

1311/4 

1-1/411/8 

250  160 

10 

35 

25 

385 

45-75 

II 

B 

8 

1311/4 

1-1/411/8 

400  260 

10 

55 

44 

620 

45-75 

1L_ 

C 

10 

1111/4 

500  330 

10 

70 

JS- 

ZZ5_ 

60-100 

Material:  Type  I.  nylon;  Type  II,  saponified  acetate  (rayon) 

Width:  Overall  cloth  - 40  to  48  inches  forming  three  or  more  ribbons  with  dupe  selvage  edges  constrained 
with  leno  locked  ends.  Separation  filling  yarns  1/21,1/8  inch  between  ribbons. 

Use:  Ringslot  parachute  canopies  used  with  underwater  ordnance.  - ' — 
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TABLE  4,35  LIGt-IT  WEIGHT  NYI.ON  CLOTH 
Data  from  MIL-C-7020,  Reference  264 


Type  Max.  Max. 


Min.  Min.  Min. 


Air 


Min.  Min. 


Weight 

Thickness 

Break 

Elong. 

Tear 

Permeability  Yarns 

Selvage 

Str. 

Str. 

per 

Break 

(oz/yd2 ) 

(inch) 

(Ibs/in) 

(%) 

(lbs) 

(cfm/ft2 ) inch 

(lbs) 

Body  Selv. 

Warp  Fill 

W&F 

Warp  Fill 

W?rp  Fill 

1 

1.1 

.003 

42 

42 

20 

5 

5 

80-120 

120 

120 

ta 

1.1 

.003  .005 

42 

42 

20 

5 

5 

80-120 

120 

120 

56 

ii 

1.6 

.004 

50 

50 

20 

5 

5 

100-160 

120 

76 

1 la 

1,6 

.004  .006 

50 

50 

20 

5 

5 

100-160 

120 

76 

66 

III 

1.6 

.004 

50 

50 

20 

4 

4 

100-160 

120 

76 

Ilia 

1.6 

.004  .006 

50 

50 

20 

4 

4 

100-160 

120 

76 

66 

Weave:  Ripstop  - Types  I,  la,  III,  Ilia;  Twill  - Types  II  and  I la. 

Yarn:  Warp,  five  turns  per  inch  minimum  twist.  . 

Color:  Natural  (orange  when  specified) 

Width:  36. 5±. 5 inches  including  1/2 ±1/1 6 inch  selvage  (types  la,  lla.and  Ilia). 

Use:  Parachute  canopies. 


TABLE  4,36  MEDIUM  WEIGHT  NYLON  CLOTH 
Data  from  MIL-C-7350,  Reference  265 


Type 

Max. 

Weight 

(oz/yd2 ) 

Max. 

Thickness 

(inch) 

Min. 

Break 

Str. 
(Ibs/in) 
Warp  Fill 

Min. 

Elong. 

<%) 

W&F 

Min. 

Tear 

Str. 

(lbs) 

Warp  Fill 

Air 

Permeability 

(cfm/ft2 ) 

Min. 

Yarns 

per 

inch 

Warp  Fill 

Min. 

Twist 

(tpi) 

Warp  Fill 

1 

2.25 

.0068 

90  90 

25 

10  10 

100-150 

70  70 

5 5 

II 

3.50 

.0140. 

135  125 

25 

30  30 

150-200 

52  52 

6 6 

Finish: 
Color: 
Width : 
Use: 

Heat  set  and  calendered 

Natural;  yeilow  for  aircraft  deceleration  parachutes 
36. 5±  .5  inches 

Cargo  and  aircraft  deceleration  parachute  canopies 

! 

TABLE  4.37  HEAVY  WEIGHT  NYLON  CLOTH 
Data  from  MIL-C-8021,  Reference  266 


Type 

Max. 

Min. 

Min. 

Min. 

Min.  ’ 

Min. 

Yam 

Air 

Weight 

thick. 

Break 

Elong. 

Tear 

Yarns 

ply 

Permeability 

Str. 

Str.  . 

per 

(cfm/ft2 ) 

(oz/yd2 ) 

(inch) 

(Ibs/in) 

(%) 

(lbs) 

inch 

water  pressure 

Warp  Fill 

Warp  Fill 

Warp  Fill 

Warp  Fill 

W&F 

V4  inch  20  inches 

1 

4.75 

.020 

200 

200 

25  25 

15  15 

70 

70 

single 

50-90  450-650 

II 

7.00 

.024 

300 

300 

25  25 

20  20 

20 

53 

2 

50-90  450-650 

lla 

1C. 50 

.025 

500 

500 

25  25 

75  75 

40 

38 

4 

50-90  650-750 

III 

' 14.00 

.035 

600 

600 

25  25 

75  75 

38 

38  , 

single 

15-55  250-450 

Color:  Natural 

Width:  36 :5±. 5 inches 

Use:  Cargo  and  deceleration  parachutes 


i 

II 


J 
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TABLE  4.38  NYLON  DUCK 


Data  from  Ml L-C-7219, 

Reference  267 

Type 

Max.  Min. 

Min. 

Air 

Min. 

Yarn 

Min. 

Max. 

Weight  Break  Tear 

Permeability* 

Yams 

Ply 

Water* 

Shrinkage 

Str. 

Str. 

per 

Resist. 

(oz/yd*)  (Ibs/in)  (lbs) 

(cfm/ft* ) 

inch 

(cm/H20) 

(%) 

Warp 

Fill  Warp  Fill 

Warp  Fill 

Warp  Fill 

Warp  Fill 

1 

9.50  400 

300  35  45 

5 

80  38 

2 3 

25 

2.5  20 

II 

8.75  400 

150  35  20 

5 

78  38 

2 2 

30 

2.5  2.0 

III 

7.25  325 

275  20  20 

8 

60  .'45 

2 2 

25 

2.0  2.0 

•Applicable  only  to  Class  3 (subjected  to  boiling  water  for  1 5 minutes). 

Finish: 

Class  1,  untreated;  Class  2,non-durable  water  repellent  treated;  Class  3, durable  water  repellent  treated. 

Use: 

Parachute  packs  and  equipage. 

TABLE  4.39  LIGHT  NYLON  CLOTH 

Data  from  MIL-C-498, 

Reference  268 

Type 

Max. 

Min. 

Min. 

Min. 

Min. 

Air 

Weight 

Break 

Elong. 

Tear 

Yams  Permeability 

Str. 

Str. 

per 

(oz/yd* ) 

(Ibs/in) 

(%) 

(lbs) 

inch 

(cfm/ft2 ) 

Warp  Fill 

Warp  Fill  ■ 

Warp  Fill 

Warp  Fill 

D 

.88 

40  40 

20  20 

2.5  2.5 

90 

90  300-500 

H 

2.20 

65  65 

5.0  4.0 

104 

91 

60-100 

Yarn: 

Type  D,  30  denier;  Type  H.  70  denier  multifilament  nylon. 

Weave: 

Plain 

Finish: 

May  be  heat  treated  and  calendered  to  achieve  air  permeability. 

Use: 

For  ammunition  and  flare  parachutes. 

TABLE  4.40 

LOW  MODULUS  ARAMID 

CLOTH 

Data  from  MIL-C-38351, 

Reference  269 

Type 

Class  Max. 

Max.  Min.  Min. 

Min. 

Air 

Min. 

Min. 

Weight 

Thick.  Break  Break 

Tear 

Permeability  Yarns 

Yarn 

(oz/yd* ) 

Str.  Elong. 

Str. 

(cfm/ft* ) 

per 

(inch)  , (Ibs/in)  (%) 

(lbs) 

inch 

ply 

Warp 

Fill  Warp  Fill 

Warp  Fill 

Warp  Fill 

Warp  Fill 

1 

1 4.7  , 

.011  165 

165  30'  30 

14  14 

40-70 

74  74 

1 ' 1 

1 

2 6.7 

.020  265 

200  25  25 

20  20 

50-80 

63  48 

2 2 

1 

3 12.0 

.032  425 

425  15  15 

75  75 

40-80 

38  38 

5 5 

II 

1 7.0 

.015  250 

190  35  25 

15  15 

8 max 

60  45 

2 . 2 

1) 

2 180 

.036  950 

950 

59  60 

5 5 

Yarn:  200±1 5 denier  Nomex;  manufactured  by  F. I.  DuPont  de  Nemours  & Co.,  Inc. 

Aging:  Minimum  breaking  strength  after  aging  shall  be  85  percent  of  unaged  breaking  strength, 

i-inish:  Type  II,  Class  2 resin  treated.  Minimum  stiffness  • warp  .45  to  .65  inch-lbs;  fill  .65  to  .85  inch-lbs. 
Color:  Natural,  sage  green 

Use:  Parachute  canopies,  packs  and  pack  stiffners. 
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Experimental  Materials.  Research  and  develop- 
ment of  textiles  for  recovery  systems  applications  has 
been  directed  toward  properties  of  increased  environ- 
mental resistance  (especially  high  temperature),  im- 
proved mechanical  strength  with  minimum  bulk, 
increased  energy  absorption,  low  porosity  lightweight 
cloth  and  low-cost  textiles.  Experimental  fabric  con- 
structions have  been  prepared  and  tested  for  para- 
chute applications  including  knit,  triaxial  woven  and 
stretch  fabrics,  each  of  which  appears  to  have  poten- 
tial advantages,  but  requires  more  development. 

High  Temperature  Resistant  Materials.  Approaches 
to  the  development  of  textiles  capable  of  performing 
at  temperatures  above  300°F  include  research  on  high 
melting-point  organic  polymers275,  the  use  of  pro- 
tective coatings  for  heat  resistance  and  cooling  by 
mass  transfer,  parachute  designs  in  which  fractional 
destruction  of  the  canopy  by  heat  can  be  tolerated 
after  initial  deployment,  and  fabrics 276 woven  of  fine 
metallic  wires,  high  melting  glasses,  coated  refractory 
fibers,  metal  and  metal  oxide  whiskers  and  ceramic 
fibers. 

The  most  developed  of  the  temperature-resistant 
textiles  are  those  woven  of  Nomex  aramid,  a synthet- 
ic organic  fiber  which  does  not  melt,  but  loses  all 
tensile  strength  at  700° F.  More  recently  available  on 
the  market,  and  therefore  less  developed  in  , recovery 
system  textile  applications  are  those  woven  of  Kevlar 
aramid, .which  loses  all  strength  at  930°F.  Aramids 
do  not  melt,  drip  or  fuse  together  as  nylon  does  when 
exposed  to  flame,  and  they  have  good  resistance  to 
commonly  used  solvents  and  chemicals,  Bisbenzimi- 
dazobenzophenanthroline  (BBB),  Polyimide,  and 
Polybenzimidazole  (PB!)  polymers  have  beer,  produc- 
ed as  fibers  experimentally  with  demonstrated  heat 
resistance  properties  in  yarn  and  textiles.  PBI  is  now 
in  early  stages  of  industrial  production.  Its  room 
temperature  strength  is  retained  to  475°F  with  long 
exposure,  and  retains  usable  strength  to  1000°F  with 
short  exposure.  (BBB  fiber  samples  have  shown  ten- 
sile properties  exceeding  four  grams  per  denier  tenac- 
ity and  15%  elongation  at  room  temperature,  and 
thermal  stability  (strength  and  durability)  in  various 
environments  up  to  1 100°F  277  BBB  fiber  also  shows 
good  retention  of  tensile  properties  in  loop,  knot  and 
yarn  configurations,  low  moisture  sensitivity,  good 
light  stability,  good  abrasion  resistance  and  dimen- 
sional stability.  Small  (5  and  8 inch)  Supersonic-X 
model  parachutes  constructed  of  BBB  and  Kevlar  29 
textiles  have  been  tested  in  low  density  wind  tunnel 
wake  flow  tests  at  free  stream  temperatures  to 
760°F27? 


Experimental  work  276  with  fabrics  woven  from 
single-drawn  and  bundle-drawn  stainless  steel  and 
superalloy  wire  indicates  that  such  fabrics  should  be 
suitable  as  decelerator  construction  material  for  high 
temperature  use  in  such  devices  as  space  vehicle  drag 
producing  surfaces.  These  materials  can  be  made 
strong  enough  to  carry  the  aerodynamic  pressure 
loading,  are  foldable  into  a compartment  of  a vehicle, 
will  be  unaffected  by  the  high  vacuum  environment 
during  space  travel  and  will  resist  high  Mach  number 
thermal  environments  to  1500°F  during  atmospheric 
entry.  Through  the  process  of  bundle  drawing,  0.5 
mil  fibers  have  been  produced  in  the  superalloy 
Chromel  R and  woven  in  100  filament  yarns  into 
plain,  basket  and  twill  weave  fabrics  having  greatly 
improved  properties  over  the  monofilament  mesh 
fabric.  A major  penalty  of  wire  fabrics  is  their  weight 
(13  to  24  required  ounces  per  square  yard)  and  high 
cost. 

A severe  thermal  environment  requires  a structure 
which  is  non-porous,so  that  the  relatively  cool  bound- 
ary layer  is  not  bled  off  with  consequent  increase  in 
heat  transfer  to  the  material.  In  addition,  the  emmis- 
sivity  of  the  metal  woven  fabric  must  be  high,  so  that 
the  effect  of  aerodynamic  heating  can  be  reduced  by 
radiation  as  efficiently  as  possible.  In  order  to  achi- 
eve a suitable  nonporous  fabric,  silicone  rubber  and 
other  high  temperature  flexible  coatings  are  utilized 
on  the  metal  woven  fabric. 

Lightweight  Materials.  Problems  of  excess  bulk 
and  weight  in  stowed  recovery  systems  are  frequently 
the  result  of  insufficient  planning  to  define  space 
requirements  or  to  allow  for  growth  in  vehicle  weight 
or  performance  criteria  without  corresponding  in- 
creases in  allocated  compartment  volume.  The  alter- 
natives to  more  space  and  weight  allowance  are  usual- 
ly an  increase  in  pack  density  or  a redesign  using  high- 
er strength-to-weight  ratio  textiles.  Parachute  textile 
specifications  are  so  written  that  materials  produced 
in  accordance  with  their  provisions  usually  have 
actual  breaking  strengths  with  ample  excess  over  the 
minimum  specified.  To  take  advantage  of. the  actual 
strength  margin  of  textiles  requires  testing  of  as-re- 
ceived materials,  or  purchase  from  the  supplier  of 
only  the  product  which  betters  specification  strength 
or  weight  by  a fixed  amount.  When  requirements  are 
tight,  some  advantage  may  be  gained  by  selecting 
weaves  having  higher  translation  efTiciency  without 
compromise  of  air  permeability,  energy  absorption, 
abrasion  resistance,  or  other  important  properties. 
Very  lightweight  fabrics  are  woven  of  low  denier 


yarns.  In  order  to  achieve  low  air  permeabi'ity,  the 
fabric  is  flattened  between  heated  rollers,  a process 
called  "calendering". 

Low  Cost  Materials.  Materials  have  been  investi- 
gated for  application  to  low-cost  expendable  para- 
chutes. They  include  both  plain  and  scrim-reinforced 
nylon  paper,  polyester  paper,  polypropylene  film,  re- 
inforced polyethylene  film,  and  cotton  fabrics  for 
canopies.  Suspension  line  materials  include  braided 
polyethylene,  braided  nylon,  and  braided  fine  and 
coarse  filament  polypropylene  cord.  Plastic  films  and 
braided  cords  form  better  seam  joints  and  line  attach- 
ments by  heat  sealing  and  cementing  than  by  sewing. 

Air  drops  of  experimental  solid  flat  circular  and 
ringslot  canopies  fabricated  of  the  above  materials 
have  been  achieved  successfully  with  suspended  loads 
from  300  to  1500  pounds27® 

Coated  Fabrics  and  Films 

■ Gliding  parachutes  with  wing-like  canopies  and 
balloon  type  decelerators  require  their  principal  fab- 
ric to  be  of  low,  or  near  zero,  air  permeability  materi- 
al. Conventional  woven  cloth  usually  proves  to  be 
unsuitable  because  the  required  low  level  of  air  per- 
meability cannot  be  achieved,  particularly  when  the 
fabric  is  subjected  to  biaxial  stress.  Although  the 
application  of  a coating  will  produce  low  permeabil- 
ity, some  conventional  coating  materials  present  an 
undesirable'  adhesion  problem  between  the  coated 
surfaces  under  pressure  packing  conditions.  Other 
penalizing  factors  are  the  added  weight  of  the  coat- 
ing. a reduced  tear  strength,  and  accompanying  stiff- 
ness. The  tearing  strength  of  woven  fabrics  is  higher 
than  the  tearing  strength  of  corresponding  weight 
films  or  papers,  for  example,  because  of  the  deform- 
ability  of  the  weave  which  more  effectively  dissipates 
the  stress -aw^y  from  the  point  of  the  tear.  Applica- 
tion of  a coating  to  a woven  fabric,  however,  tends  to 
reduce  this  deformability  by  sticking  the  yarns  to- 
gether at  the  intersections  and  filling  the  interstices 
of  the  fabric  with  a plug  of  coating  material.  The 
degree  to  which  the  fabric  becomes  immobilized  by 
coating  depends  upon  the  elastic  properties  of  the^ 
coating  material.  Ripstop  fabrics  lose  their  effective 
resistance  to  tear  propagation  when  a coating  is  added 
to  the  material,  reducing  tear  strength  to  the  equiva- 
lent of  an  uncoated  plain  weave  fabric. 

Coating  Materials.  Some  polymers  useful  for  mak- . 
ing  fibers,  discussed  on  page  144,  are  equally  useful 
in  modified  form,  as  fabric  coating  or  impregnating 
materials.  Instead  of  being  extruded  as  fibers,  they 
are  prepared  more  simply  as  either  plastic  or  elas- 
tomeric (rubber-like)  materials  for  direct  application. 


Cellulosics,  polyamides,  polyesters,  acrylics,  vinyl 
chlorides  and  alcohols,  vinylidene  chlorides,  poly- 
olefins, polyurethanes,  and  natural  and  synthetic 
elastomers  or  rubbers  are  used  as  films  or  coatings. 
Natural  rubber  is  obtained  from  the  latex  of  a culti- 
vated tree.  Synthetics  derive  from  polymerized  acryl- 
ics, butadienes  or  isobutylenes.  Some  of  the  more 
popular  synthetic  rubbers  are  identified: 

Butyl  Rubber . . . Isobutylene  copolymerized  with 
isoprene.  Butyl  rubber  has  good  heat  and  weather 
aging  resistance.  Trade  names  are  "Enjay  Butyl" 
(Enjay)  and  "Hycar"  2202  (Goodrich). 

Polysulfide  Robber  . . .Prepared  from  ehtylene  di- 
chloride and  sodium  polysulfide  has  excellent  resist- 
ance to  oils,  fuels  and  solvents.  Trade  name  "Thiokol" 
(Thiokol  Chemical). 

Chloroprene  Rubber  . . A polymer  of  two  chloro- 
butadiene  -1,  3.  It  was  developed  by  DuPont  and 
marketed  under  the  trade  name  "Neoprene”  (now  a 
generic  term).  Multifilament  nylon  and  polyester  fab- 
rics are  neoprene  coated  for  outdoor  applications 
where  resistance  to  weathering,  abrasion  and  flexing 
over  extended  periods  of  time  are  important  factors. 
Neoprene  also  possesses  good  resistance  to  oils,  greas- 
es. gasoline,  acids  and  alkalies. 

Chlorinated  Chlorosulfonated  Polyethylene 

Another  synthetic  rubber  developed  by  DuPont  is 
called  "Hypalon".  Hypalon  coated  fabrics  have  out- 
standing abrasion  and  outdoor  weathering  resistance 
properties. 

Silicone  Rubber A silicone  polymer's  basic 

structure  consists  of  silicon-oxygen  linkages  rather 
than  carbon-carbon  linkages.  Dimethyl  dichlorosilane 
is  the  monomer  from  which  most  silicone  rubbers  are 
prepared.  Outstanding  properties  include  high  and 
low  temperature  stability  as  well  as  heat  resistance. 
Trade  names  are  "Silastic"  and  "RTV"  (General 
Electric). 

Fluorinated  Rubbers  . . . .Fluorine  base  polymers 
have  been  developed  such  as  "Teflon"  and  "Vitpn" 
by  DuPont  and  "Kel  F"  by  3M  Company.  "Viton  A" 
is  useful  for  coatings  capable' of  withstanding  temper- 
atures as  high  as  6QO°F,  and  it  has  outstanding  chem- 
cal,  solvent,  fuel  and  lubricant  resistance  at  elevated 
temperatures. 

Di-lso-Cyanates.  . .A  toluene  di-iso-cyanate  mono- 
mer reacts  extremely  rapidly  with  polyesters  or  poly- 
ethers to  form  polyurethanes..  In  the  presence  of 
water  or  a "blowing  agent"  a foam  is  formed,  the 
polyesters  usually  producing  flexible  foams,  and  the 
polyethers  producing  rigid  foams.  Foamed  poly- 
urethanes are  useful  as  thermal  insulators,  bonded  by 
heat  fusion  or  by  adhesives  to  fabrics. 

Schulman279  reports  that  a coating  procedure  con- 
sisting of  two  base  coats  of  a soft  polyurethane  cover- 


ed  with  a coat  of  nylon  when  applied  to  one  side  of 
appropriately  designed  basket-weave  nylon  fabrics 
have  been  produced  which  represent  an  improvement 
over  presently  available  fabrics,  particularly  with 
respect  to  tearing  strength  and  ability  to  be  pressure 
packed  without  adhesion.  Six  experimental  coated 
fabrics  ranging  in  weight  from  1.8  oz/ydJ  to  6.0 
oz/ydJ  were  tested  and  found  to  retain  most  of  the 
strength  characteristics  of  the  original  woven  fabric. 

Inflatable  landing  or  flotation  bags  usually  require 
a relatively  air-tight  membrane  material  capable  of 
withstanding  a relatively  high  differential  pressure 
during  inflation  and  landing.  Lightweight  balanced 
fabric  constructions  with  approximately  equal 
strength  in  warp  and  filling  are  used  for  this  purpose. 
These  fabrics  are  woven  and  finished  to  meet  rigid 
specifications  including  a high  degree  of  heat  stabili 
zation  in  the  finishing  process  to  minimize  distortion 
of  the  final  product. 

Films.  Certain  basic  polymers  useful  for  making 
fibers  possess  sufficient  strength  and  tear  resistance  to 
be  useful  in  film  form.  Most  popular  are  the 
sealable  polyolefins  and  polyvinyls.  For  special  pur- 
pose parachutes,  polyester  has  proved  the  most  satis- 
factory film  from  a strength  and  efficiency  stand- 
aoint.  Films  which  have  found  use  in  other  commer- 
cial applications  are  nylon,  polyvinyl-fluoride,  and 
oolyimide  (Kapton  by  DuPont).  These  films  have 
properties  of  potential  use  in  the  recovery  systems. 

Polyester films  are  produced  in  thicknesses 

down  to  1/4  mil  (Mylar,  DuPont).  The  film  retains 
good  physical  properties  over  a wide  temperature 
range  (-94°  to  +300°F).  It  is  available  with  an  ulti- 
mate tensile  strength  of  25,000  psi  and  ultimate 
elongation  of  120  percent  (or  45,000  psi  and  40  per- 
cent at  higher  tensile  modulus).  Other  properties  are 
generally  similar  to  polyester  fibers  in  Table  4.1, 
showing  good  characteristics  of  tensile  impact  energy, 
shear  strength  and  dimensional  stability.  Polyester 
film  is  often  coated  with  a vacuum  deposited  silver  or 
aluminized  surface  to  provide  a parachute  or  balloon 
with  light  or  radar  reflection  capability.  Polyester 
films  are  not  heat  sealable. 

Crushables 

One  form  of  energy  absorbing  media  employed  for 
impact  attenuation  exists  as  homogeneous  cellular 
blocks  or  pads,  placed  under  a platform  or  load  to 
provide  a nearly  constant  deceleration  force  to  over- . 
come  the  vertical  velocity  of  the  system  after  initial 
contact  with  the  ground.  The  energy  absorbing  item 
may  be  constructed  of  balsa,  or  fabricated  as  a honey- 
comb structure  with  cell  walls  of  aluminum,  paper  or 
high  strength  plastic  laminates  such  as  fiberglass-poly- 
ester, nylon-phenolic  or  equivalent  with  cells  oriented 


in  the  verticaf  direction,  or  formed  as  a rigid  plastic 
foam  of  polyurethane,  epoxy,  glass,  phenolic  or  simi- 
lar structural  resins.  Where  the  delivered  load  is  of 
simple  shape  and  the  volume  of  cushion  material  can 
be  externally  accommodated,  the  block  form  joins 
the  payload  configuration  as  an  add-on.  In  other 
applications  it  is  often  necessary  to  incorporate  the 
crushable  structure  within  the  vehicle  flight  profile, 
i.e.,  a nose  cone,  tail  appendage,  keel  structure  or 
deployable  struts. 

Honeycomb  Structures.  Paper  honeycomb  is  fab- 
ricated by  joining  alternate  layers  of  kraft  paper  with 
parallel  bond  lines  spaced  between  lineal  bonds  of 
adjacent  layers.  When  the  bonded  paper  sheets  are 
expanded  laterally,  hexigon  shaped  cells  become  a 
core  when  rigidized  by  bonding  on  top  and  bottom 
face  sheets  to  form  a honeycomb  panel.  Three-inch 
thick  panels  in  four  sizes  per  MIL-H-9884280are  used 
to  make  up  dissipaters  for  the  landing  shock  of  air- 
dropped material.  The  honeycomb  panel  is  cut  into 
sections  and  made  into  stacks  which  an  average  crush- 
ing stress  of  6300  ± 900  psf  to  70  percent  strain. 

The  density  of  the  expanded  structure  is  deter- 
mined by  the  weight  of  the  paper  plus  adhesive,  div- 
ided by  the  volume  after  expansion.  This  simple 
structure  forming  technique  is  used  in  fabricating 
noneycombs  of  aluminum  foil  and  plastic  materials 
also.  The  width  of  the  cell,  the  yveight  and  strength 
of  sheet  material  and  cell  height  of  the  block  are  para- 
meters that  influence  the  crushing  stress  and  energy 
absorbing  characteristics  of  the  honeycomb  structure. 
Mechanical  properties  of  representative  paper  honey- 
comb 281  and  honeycomb  structures28^  aluminum, 
nylon  reinforced  phenolic  and  heat  resistant  phenolic 
are  listed  for  a few  specific  examples  in  Table  4.41. 

Honeycomb  qlearly  is  anisotropic;  however,  the 
lateral  direction  weakness  in  paper  honeycomb  is  not 
significant  unless  impact  occurs  at  an  angle  to  cell 
alignment  exceeding  10  degrees.  Figure  4.7  shows 
the  effect  on  crushing  stress  of  impacting  a sloped 
surface  with  aluminum  and  paper  honeycomb 
(materials  listed  in  Table  4.41).  From  experiments 

with  paper  honeycomb  crushing  strength 

is  essentially  independent  of  impact  veloc- 
ity in  the  range  from  20  to  90  fps, 

is  not  sensitive  to  uniformity  of  cell  size, 
paper  weight,  or  type  of  glue, 

is  directly  related  to  density  of  the  mate- 
rial and  to  the  bearing  area  of  the  honey- 
comb panel,  and 

decreases  with  decreasing  area  at  a ratio 
of  the  area  of  the  outside  row  of  cells  to 
the  total  area. 
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Entrapped  air  in  the  cells  contributes  greater  energy 
absorption  capacity  than  do  vented  cell  structures. 


Aluminum  Paper 

Ref:  282  Ref:  381 

Impact  Velocity:  fps  14  16-19 

Section  Area:  trr  20  304 

Crushing  Stress,  psi  124  43.8 


Figure  4.7  Effect  of  Anisotropic  Honeycomb  Structure 
on  Crushing  Stress  with  Angular  Impact 

TABLE  4.41  HONEYCOMB  CHARACTERISTICS 

Material  Density  Cell  Average  Specific 
Size  Crushing  Energy 
Stress 


(lbs/ft3 ) 

(inch) 

(psi) 

(ft-lb/lb) 

80  lb  Kraft 
Paper: 
open  cell 

1.55 

1/2 

27.0 

1750 

closed  cell 

1.55 

1/2 

31.5 

2050 

Aluminum 

.001"  5052 

2.1 

1/4 

124 

6800 

Nylon  i 

r 25 

3/16 

55 

2530 

Phenolic 

4-2 

1/4 

290 

8400 

' 

l 6.5 

3/8 

600 

10100 

Heat  ( 

' 2.4 

3/16 

50 

2220 

Resistant  j 

! 4.2 

1/4 

280 

7680 

Phenolic  ' 

- 6.1 

3/8 

625 

11800 

Figure  4.8  shows  the  typical  stress-strain  characteris- 
tic of  honeycomb  structures  when  compressed  in  the 
cell  direction.  The  stress  rises  rapidly  to  a peak  at  the 
start  of  crushing  and  levels  immediately  to  a nearly 
constant  stress  throughout  the  energy  absorbing 
stroke.  Bottoming  starts  at  about  eighty  percent 
strain  and  would  rise  to  a very  high  value  if  all  impact 
energy  were  not  dissipated. 


Honeycomb 


Figure  4.8  Stress-Strain  of  Crush  able  Structures 


Foams  and  Low-Density  Compounds.  Many  types 
of  foams  and  low-density  materials  are  available  com- 
mercially or  can  be  formulated  for  energy  absorbing 
cushions  under  landing  loads.  Perhaps  the  most  wide- 
ly used  is  a rigid  urethane  foam  which  is  a reaction 
product  of  a disocyanate  with  a polyester  resin  mix- 
ed with  small  amounts  of  water,  an  emulsifier  and  a 
catalyst.  Homogeneous  foams  are  easily  obtained 
which  provide  a compressive  strength  (at  yield  point) 
of  20  psi  for  a foam  density  of  2 lb/ft3  and  may 
range  to  100  psi  for  6 lb/ft*  as  a representative  exam- 
ple. The  shape  of  the  stress-strain  curve  shows  a pro- 
gressively rising  stress  after  yield  that  lacks  the 
plateau  feature  of  honeycombs 

Because  the  foaming  reaction  is  rapid,  the  poten- 
tial of  producing  a semi-rigid  landing  cushion  during 
the  descent  phase  of  a recovery  sequence  by  mixing 
the  ingredients  through  injecting  nozzles  into  a de- 
ployed fabric  bag  has  been  investigated283. 
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FABRICATION  METHODS 

The  methods  by  which  a parachute,  Ballute,  land- 
ing bag,  flotation  bag,  or  associated  recovery  system 
accessory  may  be  assembled  from  its  component  parts 
are  limited  in  number  and  variety  by  two  factors. 
One  is  the  equipment  that  is  available,  principally 
sewing  machines;  the  other  is  the  restriction  imposed 
by  the  mechanical  properties  of  applicable  textile 
materials.  While  these  restrictions  are  of  major  im- 
portance in  the  economics  of  recovery  systems  man- 
ufacturing, fabrication  methods  also  have  consider- 
able influence  on  the  resultant  strength,  elasticity, 
and  flexibility  of  the  structure.  These  constitute 
design  criteria  relating  mainly  to  fabrication  details  of 
seams,  joints,  hems,  the  attendant  types  of  which 
depend  on  their  location  and  function. 

Procedures  used  in  the  manufacture  of  textile 
parachutes  are  typical  and  generally  applicable  to 
other  decelerator  types.  Basic  steps  are: 
layout,  marking  and  cutting  of  doth,  line, 
pre-assembly  of  parts  by  heat  tacking  or  basting 
sub-assembly  of  gores  with  single  or  multiple  rows 
of  machine  stitching 

joining  of  gores,  generally  with  multiple  rows  of 
. machine  stitching 

attaching  of  radial  or  concentric  reinforcing  tapes, 
generally  with  multiple  rows  of  machine  stitching, 
and, 

connecting  of  suspension  lines,  generally  with  zig 
zag  machine  stitching 

Canopies  and  inflatable  envelopes  constructed  of  film 
and  coated  fabrics  are  usually  joined  using  adhesives, 
sometimes  with,  but  often  without  stitching.  Bond- 
ing strength  efficiency  is  usually  the  criteria  which 
determines  the  suitability  of  the  joining  method  used, 
in  this  section  the  processes  of  manufacture  are  de- 
scribed which  apply  in  particular  to  the  construction 
of  parachutes  designed  for  economy  of  fabrication 
coupled  with  safety,  by  achieving  optimum  joint  effi- 
ciency and  serviceability  through  simplicity  of  con- 
struction. The  number  of  parts  and  operations  must 
be  the  fewest  possible  consistent  with  functional 
requirements,  and  preference  is  given  to  operations 
which  can  be  performed  to  advantage  on  the  various 
high  performance  machines  available  to  the  sewing 
trade. 

Layout,  Marking,  Cutting 

The  large  number  of  pieces  of  material  which  must 
be  handled  and  assembled  to  form  a parachute  man- 
dates that  layout  markings  and  indexing  points  be 
held  to  a minimum  wherever  possible.  Paper  patterns 
' which  include  seam  allowance  are  used  to  outline 


solid  cloth  gore  sections  for  cujjing.  Since  section 
edges  can  be  cut  accurately  enough  to  serve  as  mating 
points  during  gore  fabrication,  layout  marks  are  not 
usually  required  on  the  fabric  sections  in  the  con- 
struction of  canopies;  this  is  also  applicable  to  main 
seam  and  hem  bases.  Some  dimensional  variations 
will  result  from  the  lack  of  uniformity  in  the  lay-up 
of  successive  layers  of  the  fabric  during  the  cutting 
operation.  The  inheren^fiexibility  of  weave  patterns 
makes  this  a difficult  factor  to  control. 

Webbings,  tapes  and  cords  are  measured  and  mark- 
ed under  tension  to  assure  uniformity.  The  tension 
force,  specified  should  be  sufficient  so  as  to  remove 
the  "mechanical"  elongation  (a  function  of  any 
weave  pattern)  of  the  particular  item  being  measured 
and  marked.  Manufacturing  experience  has  indicated 
that  this  tension  should  be  about  five  percent  of  the 
rated  tensile  strength  ot  the  textile  item  being  uti- 
lized, except  in  the  case  of  high  strength  materials, 
where  this  rule-of-thumb  requirement  would  necessi- 
tate the  application  of  unusually  high  tensions.  In 
construction  where  suspension  lines  are  continuous 
from  link  to  link  and  are  routed  through  the  main 
radial  seams,  or  otherwise  cross  the  canopy,  the  skirt 
and  vent  intersection  points  are  marked  on  the  lines. 
If  the  lines  are-stitched  directly  to  the  cloth  surface 
only  at  the  skirt  and  vent,  the  intervening  fullness  of 
fabric  usually  presents  no  problem,  especially  in  the 
case  of  canopies  thirty-five  feet  or  less  in  diameter. 
In  all  types  of  construction  requiring  the  continuous 
attachment  of  tapes,  webbings  and  circumferential 
bands  to  the  exterior  surface  of  the  cloth,  uniform 
distribution  of  cloth  fullness  along  the  seam  is  diffi- 
cult to  achieve.  This  is  especially  true  in  the  case  of 
bias  constructed  gores.  It  is  therefore  frequently  nec- 
essary to  provide  numerous  intermediate  indexing 
marks'  on  both  tape  and  cloth  surfaces  to  guide  the 
sewirjj.  Also,  tacking  or  basting  is  frequently  useful 
in  addition  to  marking.  The  main  seams  provide 
indexing  points  for  circumferential  bands  so  that  only 
the  tape  need  be  marked  for  each  intersection.  Radial 
dimension  marks,  however,  are  frequently  needed  on 
the  canopy  assembly  to  place  reinforcing  bands  at 
intermediate  locations  between  skirt  and  ' Cross 
seams  joining  points  will  often  satisfy  t.  .aquire- 
ment.  A problem  of  distributing  fullness  along  a 
seam  arises,  especially  with  bias-cut  fabric.  Even 
though  the  measured  lengths  of  cloth  ai.  J tape  are  the 
same,  the  cloth  seam  stretches  easily  compared  to  the 
♦ape.  This  difference  diminishes  with  increasing 
weight  of  fabric.  The  tools  used  in  the  process  of 
marking  and  cutting  are  described  on  page  192  ■ 

Machine  Stitching 

Stitching  with  thread  by  any  of  a variety  of  sewing 
machines  and  sometimes  by  hand,  is  the  traditional 
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n ethod  of  joining  textiles.  Strong,  efficient  junctures 
result  when  the  optimum  number,  spacing,  and  pat- 
tern of  stitches  are  employed.  There  are  a number  of 
types  of  stitches,  seams  and  stitching  formations  for 
the  fabrication  of  sewn  items. 

The  most  widely  used  type  of  stitch  is  the  two- 
thread,  lock  stitch  formed  by' the  majority  of  sewing 
machines.  Zig-zag  stitching,  both  single  and  double 
throw,  is  valuable  in  parachute  manufacturing,  prima- 
rily because  seams  so  joined  are  capable  of  full  elong- 
ation without  creating  excessive  tensile  in  the  stitch- 
ing thread.  Depending  upon  strength  and  width 
required  in  a continuous  seam,  efficient  stitching  is 
derived  by  the  use  of  two,  three  and  four  needle 
machines.  Several  difficulties  of  varying  importance 
arise  in  the  stitching  together  of  parachute  compo- 
nents. These  difficulties  must  be  considered  carefully. 
In  machine  sewing,  different'al  feed  can  occur  be- 
tween the  upper  and  lower  pieces  of  material  being 
joined,  thus  causing  end  mating-points  to  pull  out  of 
register  as  the  seam  is  sewn.  Yarn  filaments  can  be 
broken  by  needle  penetration,  thereby  weakening  the 
basic  fabric.  The  thread  itself  may  be  weakened  or 
broken  in  thick  joints  and  at  seam  intersections  as  a 
result  of  increased  friction  of  penetration  attending 
the  superimposition  of  successive  rows  of  stitches. 
High-speed  sewing  may  weaken  nylon  materials  by 
frictional  overheating.  These  problems  are  minimized 
by  the  useofsewing  machines  which  have  "compound 
feeds"  and  "pullers",  which  move  and  guide  evenly 
the  layers  of  material  being  sewed.  Also,  sewing 
machines  may  be  set  to  operate  at  optimized  maxi- 
mum  speeds  in  order  to  prevent  frictional  needle- 
material  overheating,  or  the  machine  may  be  equip- 
ped with  a needle  "cooler"  (directed  jet  of  air)  to  pre- 
vent excessive  nqedle  temperatures. 

When  differential  feed  or  "creep"  of  materials  can- 
not be  overcome  to  the  extent  required  by  the  dimen- 
sional tolerances  of  the  structure,  basting  may  become 
necessary.  Basting  is  the  temporary  holding  of  two  or 
more  pieces  of  fabric  together  until  they  are  perma- 
nently assembled,  and  is.  usually  accomplished  by 
light  or  temporary  sewing.  Adhesives  also  have  been 
utilized,  but  only  in  certain  instances,  such  as  in  small 
scale  canopy  construction.  Adhesives  are  considered 
undesirable  because  of  possible  deleterious  effects  on 
fabric,  particularly  at  elevated  temperatures.  Where 
the  use  of  an  adhesive  is  permissible  for  basting,  the 
quantity  applied  to  one  point  must  be  carefully  meter- 
ed so  that  the  area  of  fabric  affected  has  a minimal 
diameter  (generally,  approximately  0.1  in).  All  of  the 
thicknesses  of  material  at  the  seam  joint  should  be 
joined  by  one  application  on  the  centerline  or  mid- 
point. The  adhesive  should  set  quickly  and  remain 
flexible  with  age.  Successive  tack  spots  on  the  same 
seam  must  be  as  widely  spaced  as  practicable.  Simi- 


larly, if  heat-tacking  of  synthetics  is  used  for  basting, 
the  same  rules  apply  to  the  "spot  weld"  joints  pro- 
duced by  localized  melting  of  the  material. 

Strength  of  Joints  and  Seams.  A seam  is  defined  as 
two  or  more  plies  of  cloth  joined  by  a series  of  stitch- 
es. A complete  seam  designation  contains  the  type  of 
stitch,  the  seam  class,  the  type  within  the  class,  and 
the  number  of  rows  of  stitchino  **  specified  by  Fed- 
eral Standard  No.  751,  Reference  284.  For  example, 
301-LSc-2  means  type  301  stitch,  LS  class,  c type  of 
that  class,  with  two  rows  of  stitching.  When  joining 
textile  elements  into  one  complete  structure,  it  is  im- 
portant to  make  junctions  in  such  a manner  that  the 
strength  of  the  joint  is  not  below  the  strength  of  the 
textile  elements.  This  ideal  is  not  always  realized.  A 
joint  efficiency  is  determined  from  the  following  rela- 
tionship. 

Joint  Efficiency  Factor<%)  = .ptjP»Pl>  "JO? 

(str.  of  material  joined) 

Seam  strength  varies  with  orientation  of  fabric  to 
the  seam  line  and^with  choice  of  stitch.  Failure  can 
occur  in  either  or-'both  of  two  ways.  The  first  is  by 
failure  of  the  stitching  thread,  and  the  second,  by  fail- 
ure ot  the  materials  being  joined.  Thread  failures 
should  normally  occur  in  the  efficiency  factor  range 
below  one  hundred  percent.  When  the  joint-effi- 
ciency factor  approaches  thj  upper  limit,  failure  is 
generally  a fabric  failure.  At  the  joining  line  of  a 
seam,  the  fabric  may  fail  with  a lower  strength  value 
than  if  the  failure  were  in  the  unsewed  fabric.  The 
probable  cause  for  this  is  either  the  weakening  of  the 
material  by  cutting  or  damaging  of  the  yarns  as  the 
needle  passes  through  the  fabric,  or  a local  reduction 
of  elongation  caused  by  the  tightness  of  the  stitching. 

The  generally  recognized  characteristics  of  a prop- 
erly constructed  seam  are  strength,  elasticity,  durabil- 
ity, security  and  appearance.  These  characteristics 
must  be  balanced  with  the  properties  of  the  material 
in  forming  an  optimum  seam.  A prime  consideration 
is  the  structural  integrity  of  any  st.  :'hing/seam  com- 
bination which  is  to  be  used.  The  laments  affecting 
the  strength  of  a finished  seam  are  discussed  in  the 
following  paragraphs. 

Type  of  Stitch.  There  are  many  d’  ■ ferent  types  of 
stitches  available284  which  are  practicable.  The  most 
frequently  used  stitch  is  type  301  snown  in  Figure 
4.9.  This  type  of  stitch  is  formed  w th  two  threads: 
one  needle  thread,  and  one  bobbin  thread.  A loop  of 
the  needle  thread  passes  through  the  material  and 
interlaces  with  the  bobbin  thread.  The  needle  thread 
is  then  pulled  back  so  that  the  interlacing  will  be  mid- 
way between  surfaces  of  the  materials  being  sewn. 
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Figure  4.9  Stitch  Type  301 

Zigzag  st  tching  is  used  in  parachute  manufactur- 
ing where  lines  or  tapes  must  oe  secured  in  one  place 
by  an  area  of  evenly  spaced  stitches  It  isalso  useful 
ext  lOints  or  seams  where  flexibility  of  the  material 
should  be  maintained  without  creating  excessive  ten- 
sile stress  m the  thread  itseif  The  most  widely  used 
ngraa  stitch  is  the  Stitch  Type  308  commonly  called 
the  double''  throw /ig/ag  st, tch.  This  stitch,  shown 
m Figure  4 10,  is  exactly  the  same  as  stitch  type  301 , 
except  that  successive  pairs  of  stitches  form  a sum- 
metrical  norag  oattern 


The  "smqie"  thiow  /ig  saq  Stitch  shown  in  Fig- 
ure 4 1 1 is  classified  as  Std'  h Type  3C4,  and  d exact- 
ly the  sane  as  stitch  type  301  except  that  successive 
single  stitches  form  a symmetrical  /iq/eq  pattern. 


F>guee  4.11  Stitch  Type  304 

V/hen  necessary  to  perform  temporary  tewing  opera- 
t'Ons,  a "basting"  sewmg  machine  is  used  which 
forms  the  Side  h T ype  101  This  stdeh.  shown  in  F ig 
ore  4 12.  'S  formed  with  one  needle  thread  wbvh 
passes  thrones  the  material  and  mterloops  with  itself 
on  the  undercut  t,xe  of  the  material  Depending  >n 
the  strength  and  Width  required  m a continuous  seam 
efficient  stitching  is  rjenved  by  the  use  of  two.  three 
or  four  needle  machines  for  the  specific  operation 
o*  |ommg  radial  tapes  into  radial  trje't  on  ribhor 


Figure  4. 12  Stitch  Type  101 


machine  This  machine  forms  a compound-chain 
stitch,  (St.tch  Type  401 1.  shown  in  Figure  4.13.  This 
type  of  stitch  is  formed  with  .wo  threads  one  needle 
of  sv.tch  is  formed  with  iwo  threads  one  needle 
rhreac,  and  one  looper  thread.  Loops  of  the  needlt 
tnread  pass  throuqh  the  material  and  interlace  anc' 
irterioop  with  loops  of  loooer  thread  The  interloop 
mgs  are  drawn  against  the  underside  of  the  bptton 
ply  of  material. 


Type  of  Thread.  Thread  strength  depends  on  the 
thread  material  and  thread  sire  It  is  good  practice  u 
use  a thread  of  the  same  mat-:. i.tl  « the  fabric  uoinr 
sewn  Nylon  and  cotton  threads  aie  u>;d  extensively 
Si/e  and  strength  of  these  and  other  sewing  thread: 
are  hsted  in  Tables  4.2  tfirn,  infi  4 6 When  threac 
breakage  causes  seam  failure,  the  use  of  heavier 
thread  in  the  maiority  of  cases  improves  the  strength 
of  a seam,  even  though  such  usaqp  requires  a larger 
needle  and  may  cause  greater  y„fn  damaqe  do.  me 
sewing*®* 

Stitches  per  Inch.  The  number  ,ot  stitches  per  inch 
used  depend*  on  the  seam  strength  required  and  the 
thread  materiel,  but  they  are  restricted  by  the  work 
inq  range  of  a given  sewing  machine  Both  the  num- 
ber of  stitches  per  inch  and  th.e  pattern  (number  of 
rows)  are  varied  10  achieve  the  desired  strength  love* 
tiqations*®®show  that  where  scams  fail  due  tostitih 
mq,  an  inc  rease  <n  stitches  per  inch  and  number  of 
rows  would  increase  the  strength  up  to  some  point 
where  the  closeness  of  sewmq  penetrations  miqhi  lx 
the  cause  of  failure 

As  the  breaking  strength  of  the  fabric  'S  Surely  not 
inc.re.ned  as  the  number  of  rnwl  or, stitches  per  inch  is 
increased,  d can  be  assumed  lhal.ihe  thread  taiiure, 
not  cloth  strength,  it  the  initial  contributing  tactof 
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However,  if  the  strength  of  the  cloth  is  reached,  the 
addition  of  more  stitches  cannot  make  the  seam  any 
stronger.  The  dependence  of  seam  efficiency  or. 
stitches  per  inch  for  var.ous  canopy  cloth  materials 
and  rows  of  stitches  is  graph. caliy  illustrated  in  Figure 
4.14.  Lowest  efficiencies  were  obtained  in  the  tests 
with  the  heav  er  fabrics  where  thread  failures  occur- 
red. If  these  tests  were  repeated  using  larger  threads, 
their  respective  efficienc.es  could  be  expected  to 
increase. 


Thread  Tension,  Highest  strength  in  the  two- 
thread,  lockstitch  is  obtained  when  the  tension  means 
on  the  sewing  machine,  for  both  the  upper  and  lower 
thread  forming  the  stitch,  are  so  adiusted  that  the 
stitch  "lock"  is  posit. oned  midway  between  the  sur- 
faces of  tfie  completed  seam.  Also,  over- tightness  of 
either  one  or  both  upper  and  lower  thread  tensions 
has  two  effects  which  are  undesirable  in  seams, 
(a'  Finished  length  of  the  seam,  especially 
in  the  case  of  a bias  seam,  is  shorter 
than  the  cut  length  of  the  material  be 
cause  of  gathering  between  each  needle 
st'tchmg  point 

(b)  Binding  together  of  the  material  creates 
frit  von  which  reduces  the  desuable  flex 


ib  iity  and  elongation  characteristics  of 
the  textile  juncture. 

Seam  or  Stitching  Type.  A chanqe  in  seam  type 
stitching  type  will  often  produce  better  seam  efficie 
cies.  For  .nstance,  a change  from  Stitch  Type  4( 
(compound  chain)  to  Stitch  Type  301  (!ock»  ct 
increase  efuc.encies  significantly  Also  seams  t o 
strutted  with  material  edges  turned  under  will  t 
much  stronger  than  a plain-lap  seam.  Seam  strengt 
also  varies  with  the  orientation  of  the  fabric  weav 
pattern  to  the  seam.  Results  from  the  strength  tests  c 
orthogonal  and  45-degree  bias  seams  (see  Figure  4 1 
demonstrate  that  the  latter  seam-orientation  produce 
greater  seam  eff  ciency. 


Figure  4. 15  Fabric  Orientation 
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Figure  4. 14  Dependence  of  Seem  £ fficiency  on  Stitchee  per  Inch 
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CONSTRUCTION  DETAILS 


Derails  of  stitching  and  finish  fabrication  of  a para- 
chute or  other  textile  component  of  a recovery  sys- 
tem differ  with  purpose.  Normally  such  details  are 
dictated  by  function  - direction  and  magnitude  of 
load,  or  flexibility  for  folding.  Where  functional  reli- 
ability is  not  adversely  affected,  the  stitching  or  fab 
rication  detail  may  be  dictated  by  e.onomy,  i.e.,  a 
repeated  operation  suitably  achiever  using  a sewing 
machine  and  mechanical  guides. 

This  section  presents  typical  details  of  construc- 
tion that  would  be  found  on  a drawing  or  specifica- 
tion prepared  for  manufacture.  Canopy  seams,  hems 
and  structural  joints  are  illustrated  which  are  in 
common  use.  A variety  of  stitch  patterns  are  illustra- 
ted which  are  used  in  attaching  tapes  or  to  produce 
joints  in  circumferential  bands,  harness  webbing  or 
risen.  Methods  of  attaching  suspension  lines  to  cano- 
pies and  details  of  splicing  and  making  loop  ends  in 
both  flat  webbing  and  braided  cord  are  shown. 

Cloth  Structural  Elements 

In  parachute  construction,  development  of  solid 
cloth  gores  requires  section  seams  (see  Fig.  2.2)  which 
tom  woven  edges,  selvages,  of  bolt  width  cloth,  leav- 
ing cut  edges  at  the  sides  of  the  gore.  Gores  are  then 
joined,  one  to  another,  by  bringing  the  cut  edges  to- 
gether n mam  seams  along  radial  lines  To  complete 
the  solid  cloth  canopy,  the  skirt  hem  and  the  vent 
hem  are  formed,  also  at  a cut  edge  of  the  fabric,  if  of 
bias  construction.  Seams  of  guide  surface  canopies 
and  canopies  of  other  shaped  parachute  types  are 
moire  complex  where  ribs,  flares  and  angular  edges 
must  be  |Oined  along  curved  lines. 

A slotted  canopy  gore  is  usually  an  assembly  of 
many  more  parts,  with  rings  or  ribbons  placed  hori- 
zontally such  that  selvages  are  free  and  the  ends  cf 
the  material  extend  to  the  sides  of  the  gore.  Before 
slotted  gores  are  joined,  a radial  tape  or  webbing  serves 
as  a continuous  member  at  the  gore  edge  to  hdld  rings 
or  ribbons  in  place  until  the  seam  is  completed. 

Seems  end  Hems.  Figure  4 .16  presents  several  typ- 
ical flat  fabric  hems  and  seams.  The  width  of  an  inte- 
gral reinforcing  tape,  and  the  number  of  rows  add 
spacing  of  stitching,  is  determined  by  strength  and 
other  functional  requirements.  The  width  of  hem  or 
seam  allowance  is  governed  by  its  type.  A plain  hem 
or  seam  is  used  where  a selvage  is  of  sufficient  strength 
or  fraying  of  an  exposed  cut  edge  is  not  objectionable. 
Otherwise,  an  additional  torn  of  fabric  is  required  to 
place  the  cut  edge  inside  The  rolled  hem  and  the 
French  felt  seam  (type  LSc)2®*  are  commonly  em- 
ployed for  this  reason,  as  well  <■>  for  their  slightly 


greater  strength.  A hound  hem  is  used  occasionally 
such  as  on  the  skirt  and  vent  bands  of  a canopy,  but 
more  often  a reinforced  rolled  hem  is  used.  There  a 
reinforcing  tape  or  continuous  webbing  is  bound  into 
the  hem. 
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Figure  4. 16  Typicel  Fist  Fabric  Seams  and  Hems 


Canopies  with  geometric  porosity  have  many  free 
edges  which  must  be  hemmed,  except  where  selvages 
.are  strongenough  alone, as  in  the  ribbon  type  canopy. 
Cloth  is  also  woven  in  various  widths  on  special  order 
strength  or  triple  strength  selvage  by  adding  warp 
yarns  in  the  edge  weave.  Cloth  with  special  width 
and  strong  selvages  are  often  used  on  ringslot  and  ring- 
sail  canopies  if  the  extra  cost  for  these  features  is 
warranted.  Otherwise  standard  cloth  widths  are  used, 
or  lesser  widths  are  cut  with  hem  allowance. 

The  major  load-carrying  members  of  a slotted  can- 
opy are  the  horizontal  ribbons  or  rings  and  the  radial 
members  which  transfer  the  load  to  the  suspension 
lines,  A typical  ribbon  gore  layout  will  be  found  on 
paqe  95  , and  a cross-section  showing  tap  seams  at 
the  radials  using  eight  rows  of  stitching  are  shown  in 
Figure  4.17.  All  canopies  require  different  structural 
fabrication  details  (■'spending  on  the  magnitude  of 
loads  imposed  on  them  and  the  mechanical  efficien- 
cies that  are  possible.  For  example,  the  eight  rows  of 
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Horizontal  Ribbon 


Radial  Ribbon 


Fi&jre  4.17  Cross-section  of  a Typical  Ribbon  Canopy  Gore 


radial  stitching  are  required  to  splice  the  lapped  hori- 
zontal ribbons.  The  spliced  joint  will  hold  ribbons  up 
to  2000  lbs.  When  heavier  ribbons  are  used,  a four- 
point  cross  stitch  pattern,  as  shown  in  Figure  4.18  is 
required  in  addition  to  the  eight  rows  of  stitching. 

In  order  to  improve  the  horizontal  ribbon  joint 
efficiency  and  to  reduce  canopy  bulk  and  the  number 
of  stitching  patterns,  a continuous  ribbon  construc- 


tion may  be  used.  Fabrication  techniques  for  the 
continuous  ribbon  canopy  are  similar  in  gore  layout 
and  tacking,  but  handling  is  more  complex.  Each 
horizontal  ribbon,  although  a single  layer  requires  a 
slight  "dart"  at  the  radial  seam  to  adjust  to  the  angle 
of  the  gore  edge.  Ends  of  ribbons  must  be  lap-joined 
at  one  or  two  radial  seams,  preferably  each  ribbon  at 
different  radials. 
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Figure  4.18  Example  of  Stitch  Patterns 


Stitch  Patterns Examples  ot  widely  u$ed  stitch 
patterns  in  the  construction  of  parachute  canopies 
and  accessories  are  shown  in  Fig.  4.18.  At  one  time 
the  box-stitch  and  the  single  row  zigzag  stitch  were 
the  typical  patterns.  However,  tests  haye  demonstra- 
ted the  higher  efficiencies  of  the  multiple  point  cross- 
stitch  patterns.  Their  principal  advantage  comes  from 
the  fewer  stitch  points  at  the  ends,  a feature  which 
tends  to  preserve  the  material  base  strength  into  the 
joint,  where  the  box-stitch  presents  a line  of  weaken- 
ed fabric  at  the  start  of  the  joint.  A principal  benefit 
of  the  cross-stitch  joint  is  its  twist  flexibility  and  its 
distribution  of  prying  loads  to  all  threads  in  tension. 

Zigzag  stitching  continues  to  be  widely  used  in 
securing  cards,  such  as  suspension  lines,  to  their 
attachment  points.  This  type  of  stitching,  even  if 
necessary  in  two  or  more  rows,  lends  itself  to  high 
production  requirements,  and  also  where  it  is  difficult 
to  handle  an  object  being  sewed,  such  as  attaching 
vent  lines  to  heavy  parachute  canopies. 

Line  Connections 

There  are  three  different  types  of  joints  in  the  sus- 
pension line  system:  the  line-to-skirt  type,  the  line-to 
riser  type,  and  the  line-to-line  type. 

Skirt  Attachments.  In  the  suspension  line-to-skirt 
joints,  the  suspension  line  joins  the  skirt  periphery  at 
a point  where  the  main  radial  seams  joins  the  skirt 


hem.  The  suspension  line  can  be  either  a continua- 
tion of  all  or  part  of  the  members  that  make  up  the 
radial  seam  or  it  can  be  a separate  member  that  is 
attached  to  the  skirt.  The  former  is  always  sewed  to 
the  canopy  in  the  skirt  band  area,  with  reinforcement 
if  required.  The  latter  can  be  of  two  general  types,  a 
loop  connection  or  an  entirely  sewed  connection.  In 
general,  a looped  joint  is  more  efficient  that  the  com- 
pletely sewed  joint,  displaying  a joint  efficiency  factor 
of  approximately  90  percent,  compared  to  80  percent 
for  the  entirely  sewed  type.  A "butterfly"  reinforce- 
ment is  often  used  to  prevent  suspension  line  tear-out 
should  there  be  any  irregular  sharp  angular  displace- 
ment of  the  line  during  the  opening  of  the  parachute 
(see  Figure  4.19).  The  method  of  construction  of  the 
joint  is  partly  suggested  by  the  size  of  the  members 
being  joined.  Other  than  this, a type  is  selected  which 
has  proved  satisfactory  in  the  past.  Exceptions  to 
this  selection  method  are  canopies  constructed  to 
their  respective  specifications,  such  as  the  circular 
ribbon28®,  ringslot287,  and  guide  surface  types 


Figun  4. 19  Cord  Lino  Attachment  with  Butterfly 

In  addition  to  the  common  practice  of  sewing  sus- 
pension lines  to  the  drag-producing  surface  at  the 
skirt  and  vent  with  double-throw  zig  zag  stitching, 
there  are  additional  practices  in  common  use  mainly 
on  slotted  parachutes  with  radial  and  vertical  tapes: 
Lines  may  be  lapped  over  and  stitched  to 
the  ends  of  each  main  radial  ribbon  or 
reinforcement  tape  at  the  skirt  as  shown 
in  Figure  4.20. 

Lines  may  be  sewed  to  loops  formed  at 
the  end  of  each  main  radial-ribbon  as 
shown  in  Figure  4.21. 


Tapered  radial  tape-line  joints  are  used 
largely  on  ringsail  canopies.  Figure  4.22 
illustrates  the  two  steps  used  in  fabrica- 
ting this  juncture. 

Lines  may  be  formed  as  continuous  ex- 
tensions of  main  radial-ribbons,  made  of 
narrow  webbing. 

Suspension  lines  may  be  continuous  (link 
to  link)  over  the  canopy,  sewn  from  the 
skirt  to  the  vent  with  four  rows  of  stitch- 
ing. 


Stupeneion  Lin* 
Rediet  Ribbon 


Reinforcing  Ribbon 
Horiiontai  Ribbon 


Section  0-9 


Figun  4.20  Webbing  Type  Line  Attachment 


Figun  4.21  Suspension  Lins  Connection  to  Skin 
Loop  Attachment 
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Figure  4.22  Tapered  Radial /Suspension  Line  Joint 


Figure  4.23  Continuous  Radial /Suspension  Line 


inserting  one  end  through  the  braided  wall  of  the 
cord  and  securing  with  some  type  of  minimal  sewing. 
The  high  efficiency  of  this, type  of  joint  technique 
results  from  the  so-called  "Chinese-finger-trap"  prin- 
ciple. The  end  remaining  within  the  braided  cord 
should  be  finished  with  a long  taper  in  order  to  furth- 
er increase  the  high  joint  efficiency  factor. 

Splicable  braided  cord  is  available  in  nylon,  poly- 
ester and  Kevlar  aramid  materials.  Several  examples 
of  coreless  braided  cord  splices  and  applicable  para- 
meters are  shown  in  Figure  4.24. 


Joint  reinforcements  at  the  skirt,  made  of  short 
lengths  of  tape  or  webbing,  include: 
a single-lapped  doubler, 
two  piece  doublers,  inside  and  out,  and 
combinations  of  doublers,  butterflies,  and 
looped  rib-extensions,  and 
a single  piece  of  webbing  which  provides 
for  suspension-line  reinforcement  and 
attachment  of  the  reefing  ring  to  the 
skirt,  as  shown  in  Figure  4.23. 

Line  Splicing.  The  suspension  line-to-line  joint,  in 
its  most  common  form,  is  a stitched  lap  joint  where 
the  use  of  a flat  textile  member  is  involved.  When  the 
use  of  coreless  braided  cord  is  involved,  strong  line-to- 
line  (and  loops  joints)  are  possible  (Table  4,8)  by 


Figure  4.24  Suspension  Line  Loop.  Style  A 

Riser  Attachments.  In  the  suspension  line-to-riser 
attachment  joint,  two  basic  configuration  are  used. 
One  is  an  entirely  joined  bv  sewing  type  and  the 
other  a combination  loop-and-sewed  joint  which  can 
include  a metal  link  fitting.  The  use  of  separable  type 
of  metal  link  in  the  latter  is  by  far  the  more  common 
method.  Any  system  of  textile  members  which  con- 
nects the  canopy's  suspension  lines  to  the  load  being 
carried  comprises  the  riser  system.  Different  require- 
ments for  riser  design  give  rise  to  the  need  of  various 
configurations.  In  the  following  paragraphs,  three 
typical  riser  configurations  are  described. 
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188 


Figure  4.25  shows  the  simplest  arrangement, 
* typically  used  on  cargo  type  parachutes.  Heavy  web- 
bing forms  the  legs  of  the  riser,  which  may  be  compa- 
ratively long.  A single  keeper  helps  to  fo>m  a loop  to 
which  the  load  is  connected.  Attachment  of  the  sus- 
pension lines  to  their  respective  riser  legs  i.»  ordinarily 
made  using  a metal  fitting,  usually  a separable  link. 

‘The  riser  detail  of  Figure  4.26  is  used  for  applica- 
tions where  the  parachute  canopy  trails  a substantial 
distance  behind  the  load,  and  where  repeated  usage  is 
indicated,  such  as  on  an  aircraft  landing  deceleration 
parachute  system.  Movable  keepers,  as  illustrated,  are 
employed  to  retain  the  webs  at  the  other  end.  Sus- 
pension lines  attach  to  their  respective  riser  legs 
through  a metal  fitting  (separable  link)  or  by  sewing 
the  line  directly  to  the  webbing. 

The  riser  in  Figure  4.27  is  suitable  for  applications 
where  the  parachute  canopy  trails  a substantial  dis- 
tance behind  the  load,  minimal  weight  and  volume 
are  of  utmost  importance,  and  one-time  usage  is  indi- 
cated, such  as  a drogue  parachute  on  a space  vehicle. 
In  this  arrangement,  the  "riser"  portion  of  this  textile 
combination  is  formed  from  a continuation  of  the 
suspension  lines. 

Buffers  or  other  protective  elements  should  be  em- 
ployed extensively  to  prevent  nylon-to-nylon  friction 
burns  and  attendant  damage.  Keepers  used  to  firm 
confluence  points  should  be  designed  to  minimize 


relative  movement  of  all  textile  members.  Long  risers 
should  have  their  members  joined  together  so  as  to 
prevent  their  disarrangement  and  any  subsequent 


Zigzag  Stitching 
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Figure  4.26  Branched  Riser  With  Stitched  Line  Joints 


(Suspension  Lina* 
Continuous  Intida) 


Figure  4.26  Branched  Riser  With  Mete i Links 


Figure  4.27  Integral  Line  Riser 
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flapping  or  slapping  one  another.  Figure  4.28  illus- 
trates how  this  may  be  accomplished  by  any  of  three 
methods;  namely,  small  "joiner"  webs,  rows  of  ma- 
chine sewing,  hand  sewing  (intermittent  tacking),  or 
by  enclosing  the  entire  riser  in  a protective  sleeve. 
Optimum  results  are  often  obtained  by  using  some 
combination  of  all  three  methods. 


Figure  4.28  Typical  Web  Connect  Method 

Loop  and  sewed  junctures  are  the  weakest  points 
in  a riser  system.  The  sewing  stitch  patterns  previous- 
ly discussed  and  shown  in  Fig.  4.20  are  used  in  riser 
fabrication.  Figure  4.29  shows  typical  webbing  joint 
configurations  used  in  riser  fabrication.  Riser  attach- 
ments normally  are  joints  made  by  looping  one  or 
more  webs  over  a metal  fitting  bar.  It  has  been  found 
that  the  diameter  of  such  a bar  or  link  has  a strong 
influence  on  the  efficiency  of  the  juncture,  especially 
when  multiple  plies  of  webbing  are  used.  In  general, 
joint  efficiency  decreases  as  the  bolt  diameter  decreas- 
es. For  example,  two  ply  of  3000  lb  webbing  around 
an  0.5  inch  bolt  develops  only  75  percent  of  rated 
strength.  Pull  tests  should  be  performed  on  any  new- 
ly designed  loop-to-bolt  juncture  to  assure  that  the 
desired  strength  is  developed. 


Simple  Lap  Joint 


Lap  Joint,  w/RWnforeed  Piece 


Lap  Joint,  w/Reinforced  lap * 
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Lap  Joint , w/End  Lap  Reinforce 
Figure  4.29  Typical  Webbing  Riser  Joint  Configuration 


QUALITY  ASSURANCE 

A quality  assurance  program,  by  applying  the 
aspects  of  quality  control  and  inspection  to  the  man- 
ufacturing process,  helps  to  ensure  an  end-product 
ready  for  final  system  assembly  which  complies  with 
technical  and  contractual  requirements.  Such  require- 
ments are  established  by  drawings,  specifications  or 
specific  conditions  of  a purchase  order,  and  often 
require  compliance  checks  by  government  inspectors 
or  those  who  have  final  system  responsibility. ' Quali- 
ty assurance  practices  are  measures  for  achieving  full 
reliability  of  performance  of  a product  with  a high 
level  of  confidence.  The  steps  of  folding  and  pricking 
a personnel  parachute  are  so  important,  for  example, 
that  only  qualified  riggers  are  permitted  to  perform 
pack  preparations. 

Typical  inspection  procedures  which  parallel  the 
steps  of  parachute  fabrication  and  packing  are  describ- 
ed in  this  section.  Such  practices  apply  also  to  most 
textile  components  and  hardware  that  make  up  a 
recovery  system.  Initial  checks  are  made  of  conform- 
ity to  purchase  order  ( specification  or  drawing ) of 
materials  and  hardware  received  by  the  manufacturer. 
A check  list,  called  a "traveler",  is  assigned  a product 
serial  number  vritich  accompanies  allotted  material 
from  stock  through  fabrication  and  packing  steps, 
obtaining  verification  checks  for  each  inspection  oper- 
ation listed  until  the  completed  serial  numbered 
product  is  accepted  for  delivery  to  its  user.  Although 
parachute  folding  and  packing  is  often  accomplished 
in  the  field  ( outside  the  factory ),  procedures  and 
equipment  required  are  the  same. 
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Receiving  Inspection  1 

Materials  which  are  to  be  used  in  the  fabrication  of 
parachute  systems  are  required  to  have  a vendor  sup- 
plied "certification  statement  of  conformance",  and 
whatever  other  specifically  related  data  which  will 
establish  the  suitability  for  their  use  in  fabrication. 
This  data  will  delineate  test  results  and  related  inform- 
ation in  order  to  demonstrate  material  compliance 
with  their  respective  specifications.  Materials  receiv- 
ed by  the  manufacturer  are  rechecked  when  received 
to  further  establish  the  acceptability  of  any  goods 
which  are  to  be  used. 

Tests  conducted  by  the  manufacturer  are  an  impor- 
tant part  of  materials  certification.  Tests  are  perform- 
ed on  fabrics  to  establish  their  tensile  strength  as  well 
as  their  tear  resistance.  In  the  case  of  cloth  used  in 
canopies,  tests  to  ascertain  their  air  permeability 
characteristics  are  also  conducted.  In  some  cases, 
bolts  of  fabrics  will  be  scrutinized  over  a light  machine 
in  order  to  detect  weave  defects  before  they  are 
incorporated  into  the  parachute  canopy  structure. 
Samples  of  webbings  and  tapes  will  also  be  tested  for 
tensile  strength.  Other  physical  properties,  such  as 
weight,  width,  or  thickness,  may  also  be  determined 
for  specification  compliance. 

In-Process  Inspection 

In-process  inspection  procedures  are  accomplished 
during  the  fabrication  of  subassemblies,  assemblies 
and  associated  build-up  fabrication  operations  leading 
to  the  end-item.  These  inspections  are  orderly,  co- 
ordinated with  appropriate  fabrication  procedures  at 
vital  points.  Thus,  in-process  inspection  results  in  a 
timely  detection  of  fabrication  defects  before  their 
incorporation  into  the  final  end-item,  where  sub- 
sequent renovations  are  often  exceedingly  difficult 
and  costly  to  accomplish. 

In  the  manufacture  of  solid  canopies,  important 
in-process  inspection  points  are  at  the  termination  of 
'sewing  the  section  seams  (usually  a two-needle  fell 
seam),  to  form  a gore  and  at  the  subsequent  opera- 
tion of  sewing  gore  main  seams,  (usually  a four-needle 
fell  seam),  to  form  the  completed  canopy.  Both  of 
these  inspection  processes  are' accomplished  by  pass- 
ing the  seams  over  a "light"  table  whose  source  of 
illumination  serves  to  cast  shadows  and  indicate  cor- 
rect or  incorrect  configuration  folds.  Visual  inspec- 
tion of  gore  and  canopy  seams  of  slotted  canopy 
parachutes  are  usually  made  without  the  use  of  a light 
table.  Subsequent  in-process  inspection  points  will 
vary  with  the  complexity  of  the  type  parachute  being 
manufactured.  Likewise,  components  such  as  risers, 
harnesses,  containers,  bridles  and  deployment  b'.gs, 
may  or  may  not  be  subjected  to  intermediate  inspec- 
tion operations  depending  upon  the  complexity  of 


their  design  and  the  attendant  sewing  operations 
involved. 

Final  Inspection 

End-item  inspection  ensures  that  the  completed 
article  or  assembly  meets  dimensional  and  relevant 
structural  parameters  denoted  in  specifications  and 
drawings.  Final  inspections  are  usually  conducted  on 
the  same  type  of  table  used  for  packing  parachute 
assemblies  into  their  containers  or  deployment  bags. 
For  a simple  parachute  system,  sbch  as  a low  speed 
cargo  parachute  assembly,  the  inspection  would 
involve  only  a recheck  of  the  basic  components  (para- 
chute, risers,  deployment  bag,  static-line)  and  any 
associated  simple  assemblage  geometry.  On  the  other 
hand,  more  complex  systems  require  examination  of 
ancillary  lanyards,  housings,  complicated  matings  of 
risers  or  bridle  combinations,  and  similar  fabrication 
or  structural  consolidations. 


FACTORY  EQUIPMENT 

Prior  to  World  War  II,  the  manufacture  of  para- 
chutes involved  only  simple  equipment  and  methods. 
Parachutes  in  use  were  almost  exclusively  personnel 
type,  solid  flat-circular  with  comparatively  simple 
harnesses  and  containers.  Production  lots  were  small, 
and  the  need  for  economy  was  secondary.  During 
World  War  II,  both  economic  and  quantity  produc- 
tion of  parachutes  became  urgent.  A number  of 
sewing-trade  companies,  largely  garment  producers, 
entered  the  parachute  industry  and  introduced  many 
new  manufacturing  sewing  methods  which  remain  to 
this  day  as  standard  parachute  fabrication  procedures. 
Additional  stimuli  for  motivating  significant  advances 
in  fabrication  of  parachute  systems  were  provided  by 
the  introduction  of  new  designs  such  as  high  speed 
drogue  parachutes,  Ballutes  and  extra-large  or  strong 
canopy  structures.  The  necessity  for  containing  decel- 
erator  systems  in  limited  stowage  space,  especially  the 
newer  concepts,  led  to  the  design  and  use  of  special 
apparatus  for  pressure  packing. 

Hand  Tools  and  Special  Fixtures 

Initial  fabrication  operations  require  tools  that 
lend  themselves  to  the  concept  of  mass  production  in 
order  to  satisfy  the  need  for  economy,  while  adhering 
to  the  requirement  for  consistent  accuracy  regardless 
of  the  number  of  units  being  produced. 

Patterns.  The  aforementioned  goals  are  initially 
obtained  through  the  use  of  patterns.  Patterns  for 
solid  cloth  parachute  canopies  are  gore  and  cloth 
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width  section  dimensions  based  on  the  surface  geom- 
etry delineated  for  parachute  types  in  Chapter  2.  To 
these  basic  dimensions  must  be  added  seam  allowances 
in  order  that  the  finished  gore  attain  its  correct  shape. 
Gore  section  patterns  .for  ribbon,  ringslot  and  ringsail 
canopies  are  made  in  a similar  manner.  The  actual 
production  of  a gore  pattern  for  ribbon  type  para- 
chutes is  more  involved  since  accurate  spacing  is 
'equired  for  horizontal  and  vertical  ribbons.  Creating 
patterns  for  deployment  bags  often  requires  a "tailor- 
ing" knowledge,  since  the  patterns  should  produce  a 
container  slightly  under  the  dimensions  of  the  para- 
chute system's  compartment.  This  is  especially  true 
for  irregularly  shaped  compartments.  Patterns  for  the 
various  portions  of  a deployment  bag  (flaps,  sides, 
etc.)  an  often  provided  with  marking  holes  or  slots 
through  which  locating  points  for  sewing  on  webbings 
or  tapes  may  be  marked.  The  actual  layout  of  fabrics 
used  in  canopies  and  other  components  is  accomplish- 
ed through  the  use  of  a fabric  "lay"  machine  traveling 
back  and  forth  over  a long, smooth  table.  This  wheel- 
ed conveyor  machine,  traveling  on  guide  rails,  carries 
the  bolt  of  fabric  with  a free  end  threaded  through  a 
series  of  rollers.  In  this  manner  it  is  possible  to  accu- 
rately lay  multiple  plies  of  cloth  upon  the  table.  The 
number  of  plies  and  resultant  height  is  dependent  on 
the  weight  (thickness)  of  fabric,  the  available  length 
of  the  table,  and  the  desired  production  goal.  By  this 
method,  it  is  possible  to  achieve  accurate  lays  of  fab- 
ric as  high  as  four  to  six  inches,  consisting  of  200  to 
300  plies.  Guide  cutting  lines  can  now  be  transferred 
from  patterns  to  a paper  sheet  on  the  top  of  the  lay. 
By  arranging  the  pattern  marks  to  minimize  waste, 
especially  when  cutting  various  pieces  for  a complica- 
ted deployment  bag,  a significant  savings  in  material 
can  be  effected. 

Cutting  Knives.  Cutting  the  layered  fabric  in  an 
accurate  manner  is  performed  by  the  the  use  of  high 
speed  fabric  cutting  machines.  These  hand-guided 
machines  are  equipped  with  a rapidly  whirling  circular 
cutting  blade  or  a rapidly  oscillating  vertical  cutting 
blade.  When  cutting  deployment  bag  portions,  the 
accuracy  and  utility  of  the  cutting  operation  may  be 
enhanced  by  the  use  of  cloth  "drills".  It  is  possible, 
by  using  the  fine,  long  drill  bit  of  this  machine,  to 
make  any  duplicate  series  of  marking  or  location  holes 
in  each  individual  layer  of  fabric  in  the  fabric  lay. 

Line  Marking  Fixture.  A specially  equipped  table 
rack,  used  widely  in  the  parachute  industry,  provides 
equal  tensioning  and  accurate  marking  for  cutting  of 
all  suspension  lines  that  go  into  a single  parachute  can- 
opy. This  device  and  table  are  shown  in  Figure  4.30. 
The  table  traversed  by  two  sets  of  "pulleys”,  of 
which  one  is  stationary  and  the  other  movable.  The 


movable  set  is  provided  with  a means  of  measuring 
the  load  force  placed  upon  it  when  lines  are  under 
tension.  The  machine  is  initially  loaded  by  running 
cordage  alternately  back  and  forth  between  both 
pulley  systems  to  produce  a parallel  set  of  lines.  This 
step  is  shown  in  Figure  4.30.  The  pulley  systems  are 
then  separated  to  a correct  length,  and  a predetermin- 
ed force  is  applied  to  the  whole  system.  The  lines 
are  strummed  in  oraer  to  equalize  tension.  Immedi- 
ately following  this,  the  lines  are  marked  using  a 
jigged  system  to  indicate  sewing  points,  i.e.,  both' the 
vent  attachment  and  skirt  attachment  points.  The 
final  step  is  to  release  the  tension  load  on  the  pulley 
system,  cut  and  remove  the  suspension  lines  from  the 
table  as  a group. 


Figure  4.30  Suspension  Line  Tensioning  and  Market- 
ing Apparatus 


Other  marking  and  cutting  operations  for  the  mill  • 
tiplicity  of  webbing  or  tapes  that  are  used  in  the  fab- 
rication of  parachute  systems  are  performed  using  £■ 
variety  of  combination  devices.  Where  the  mass  out- 
put of  many  pieces  of  identical  length  webbings  is 
required,  there  is  a machine  available  which  will  simul- 
taneously reel  off  and  cut  these  pieces  from  a full  roll 
in  a rapid  and  accurate  fashion. 

Cut  ends  of  cotton  webbing  and  tape  are  usually 
dipped  into  a 50/50  mixture  of  paraffin  and  beeswax 
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in  order  to  reduce  any  tendency  for  unraveling.  Nylon 
cordage,  webcing,  and  tape  are  simultaneously  cut 
and  fused  agcmst  unraveling  by  using  either  an  electri- 
cally heated  knife  or  hot  wire  which  has  high  enough 
temperature  to  smoothly  sever  and  weld  the  nylon 
ends  by  its  melting  action. 

Sewing  Machines 

Sewing  machines  suitable  for  the  production  of 
parachutes  are  governed  by  the  requirements  in  Fed- 
eral Specification  00-S-256,  Reference  288 . In  some 
cases,  standard  industrial  sewing  machines  may  be 
modified  to  better  perform  a specific  sewing  opera- 
tion peculiar  to  a specific  parachute  sewing  require- 
ment. The  use  of  multiple  (2,  3,  or  4)  needle  sewing 
machines  is  common  practice  for  such  operations  as 
main  seams,  radial  and  vertical  tapes,  as  well  as  skirt 
and  vent  bands.  For  certain  large  ribbon  parachutes, 
an  eight-needle  sewing  machine,  with  a type  401 
chain  stitch,  has  been  used  successfully  for  sewing 
thick  radial  seams. 

Ancillary  devices  attached  to  the  sewing  machine 
further  aid  in  fulfilling  specif ic  requirements.  Folders 
preform  layers  of  cloth  into  the  proper  seam  configu- 
ration as  they  are  sewed,  and  guides  are  used  to  form 
hems.  "Pullers"  on  many  machines  maintain  a steady 
even  tension  on  the  seam  being  sewed  without  any 
added  attention  of  the  sewing  machine  operator.  Fig- 
ure 4.31  shows  a four-needle  set-up  for  sewing  ribbon 
parachutes,  the  "puller"  can  be  seen  behind  the  needle 
bar.  For  certain  heavy-duty  sewing  operations,  the 
addition  of  a needle-cooler  and  thread  lubricator  is 
often  desirable.  . Certain  design  features  of  many  in- 
dustrial sewing  machines  may  accelerate  and  facilitate 
various  fabrication  operations,  with  resultant  econ- 
omy, and  increased  product  quality.  Specifically, 
such  features  as  compound  feeds  (combination  mov- 
ing pressure  feet  and  needle  feeds)  allow  the  rapid 
sewing  of  heavy  multi-layer  seams,  even  those  of  great 
length,  without  displacement  (creep)  of  the  adjoining 
Inyars.  Of  special  interest  is  the  use  of  a family  of 
automatic  sewing  machines  developed  from  the  basic 
automatic  bar-tack  sewing  machine.  This  machine  is 
fitted  with  a pattern-wheel  which  controls  the  lateral 
and  longitudinal  movements  of  the  material  placed 
under  the  sewing  foot.  This  is  accomplished  by  a 
grooved  circumferential  channel  with  a series  of  cam- 
like faces  upon  which  the'end  of  a control  rod  "rides" 
thus  resulting  in  a prescribed  stitch  pattern  or  block 
of  sewing.  When  using  such  a sewing  machine,  the 
operator's  main  responsibility  is  to  see  that  the  por- 
tion being  sewed  is  correctly  positioned  under  the 
pressure  foot,  and  then  depresses  the  starting  pedal. 
The  machine  proceeds  to  sew  the  desired  stitch  pattern 
and  stops  automatically  when  the  stitching  is  comple- 
ted Specific  uses  for  this  family  of  sewing  machines 


are  for  attaching  pocket-bands  and  "V"  reinforce- 
ment tapes  to  the  canopy's  skirt,  as  well  as  other  simi- 
lar operations  where  numerous  identical  stitch  pat- 
terns must  be  accomplished. 


Figure  4.31  Four  Needle  Sett,  ing  Machine  Set-Up  For 
Ribbon  Parachute 


Inspection  and  Packing  Equipment 

Inspection  Tables.  Tables  equipped  with  a light, 
source  are  a principal  tool  for  inspection.  "Light" 
tables  vary  in  size  and  configuration,  but  all  are  ex- 
tremely smooth  surfaced  tables  with  a smooth  plate- 
glass  (usually  frosted)  set  flush  with  the  table  top. 
All  portions  of  the  table  Which  might  come  in  contact 
with  the  fabric  must  be  free  of  anything  which  could 
snag  or  pull  the  fabric's  weave.  The  light  source  should 
extend  full  length  beneath  the  center  of  the  glass  sec- 
tion. The  glass  viewing  surface  may  be  flat  or  it  may 
be  canted  at  an  angle  to  the  viewing  inspector.  Other 
physical  characteristics  of  this  table  will  depend  on 
the  particular  inspection  procedure  point  it  is  being 
used  for.  A typical  inspection  light  tabie  used  to 
examine  seams  of  solid  cloth  canopies  is  triangular, 
approximately  15  to  18  feet  long,  3 feet  high,  and 
tapering  in  width  from  2 to  3 feet. 

Packing  Tables.  Packing  tables,  used  to  extend 
and  "flake"  or  fold  parachutes  in  preparation  for 
final  packing  into  containers  or  deployment  bags, 
must  be  adequately  wide,  long  and  smooth.  The 
working  surface  is  finished  smoothly,  e.g.,  polished 
hard  board,  and  free  . any  defects  which  could 
cause  snagging  or  pulling  the  threads  of  fine  fabrics. 
Physical  characteristics  of  the  table  will  vary  with 
usage  requirements.  Typical  packing  tables  stand 
about  30  to  36  inches  high.  Table  minimum  width 
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and  length  depend  on  the  type  parachute  being  pack- 
ed, the  length  being  at  least  equal  to  the  stretched 
length  of  thepleated  canopy  portion, suspension  lines, 
and  risers,  A typical  packing  table  for  rigging  person- 
nel parachutes  is  three  feet  wide  and  40  to  45  feet 
long.  A table  as  wide  as  six  feet  and  well  over  one 
hundred  feet  long  is  used  for  packing  latge  cargo  or 
or  aerospace  vehicle  recovery  parachutes. 

Tensioning  Devices.  Packing  tables  are  equipped 
with  suitable  tensioning  devices  designed  to  place  the 
stretched-out  parachute  under  a uniform  tension  to 
facilitate  the  flaking  and  folding  process  of  the  can- 
opy's gores.  On  small  tables  this  device  could  be  a 
simple  webbing,  quick-adjustable  hardware  snap 
arrangement,  or  on  large  packing  tables,  a more  pow- 
erful winch  arrangement. 

Bins.  Bins  should  be  located  convenient  to  the 
packing  and  inspection  tables.  They  must  be  able  to 
accommodate  unpacked  parachutes.  The  bin  surfaces 
must  be  smooth  and  free  of  cracks,  nails,  or  other  ob- 
jects which  might  snag  or  pull  the  material.  Most  suit- 
able are  canvas  bins  supported  by  a metal  frame  on 
casters,  which  allows  the  bin  to  be  moved  convenient- 
ly from  sewing  tables  to  packing,  inspection  and  stor- 
age areas. 

Packing  Tools.  The  following  tools  are  generally 
considered  necessary  for  packing  (see  Figure  4.32). 

J GOO 

Line  Separator 


Items  identified  with  an  asterisk  should  have  a warn- 
ing flag  attached  to  them. 

Line  Separator:  A small,  slotted  stand  used  to 
hold  the  suspension  lines  in  their  respective  group  for 
packing. 

Shot  Bags:  Cloth  sacks,  generally  about  18  inches 
by  4 inches,  filled  with  about  4 lbs  of  lead  shot,  used 
to  hold  material  or  lines  in  temporary  placement. 
They  are  particularly  useful  for  holding  the  folded 
half  of  a canopy  while  the  other  half  is  being  folded. 

Folding  Toot:  A device  used  to  fold  the  canopy  to 
the  correct  width  or  length  so  that  it  will  fit  the  con- 
tainer properly. 

Temporary  Ripcord:  A short  ripcord  with  pins, 
inserted  into  the  locking  cones  or  loops  of  the  pack 
to  hold  the  side  flaps  in  place,  so  that  the  end  flaps 
may  be  placed  in  position  to  insert  the  permanent  rip- 
cord. . 

Seal  Press:  A hand-operated  device  used  to  secure 
the  seal  applied  by  the  packer  or  inspector  to  seal  the 
packed  parachute  against  tampering. 

Assortment  of  Small  Tools:  Long-nosed  pliers, 
knife,  6-inch  shears,  10-inch  shears,  needles  (sharp, 
blunt,  and  curved)  hammer,  packing  paddle,  6-inch 
steel  tape,  hook,  palm.  Tools  must  be  kept  free  of 
dirt,  grease,  burrs  and  rough  edges. 


Figure  4.32  Parachute  Packing  Tools 


Packing  Presses.  Increased  demands  for  space  con- 
servation in  aircraft  and  aerospace  systems  using  tex- 
tile aerodynamic  decelerates  have  led  to  the  develop- 
ment of  pressure-packing  techniques.  The  hydraulic 

press  is  the  most  common  means  of  achieving  mini- 
mum volume  of  a fold^  and  contained  parachute. 
Figure  4.33  shows  one  type  of  small  hydraulic  press 
having  a long  stroke  pivoted  cylinder  with  extendable 
arm  that  can  be  Sjsitioned  over  the  opening  of  the 
parachute  container  or  packing  box.  The  ojaas  may 
be  driven  by  either  compressed  air  or  a hydraulic 
fluid  pump.  Compressed  sir  at  150-200  psi  provides 
moderate  pack  densities  and  has  the  advantage  of  rap- 
id extension  or  extraction  of  the  arm.  Fluid  pressures 
in  the  order  of  1500  psi  are  needed  to  achieve  maxi- 
mum pack  densities  (~45  lb/ft3 ).  Larger  presses  to  a 


Figure  4.33  Hydraulic  Packing  Press 


capacity  of  100  tons  with  up  to  100  inches  between 
vertical  supports  and  80  inches  clear  vertical  height 
are  used  for  pressure-packing  large  parachutes. 

As  illustrated  in  Figure  4.34,  ths  press  is  position- 
ed at  the  end  of  the  parachute  packing  table  where 
the  stretched-out  parachute  can  be  fed  progressively 
into  the  container  in  a series  of  "S"  folds  between 
successive  applications  of  the  press  arm.  A pressure 
toot  on  the  end  of  the  extendable  arm  of  suitable 
shape  and  size  provides  the  pressing  surface  against 
the' material  being  compressed.  For  rigidity,  these  are 
constructed  of  thick  hardwood,  pressed  wood  or 
metal  with  a smooth  surface  and  edges  as  required. 

Vacuum  packing  is  another  method  of  condensing 
the  uncompressed  folded  parachute.  The  tools  for 
vacuum  packing  include  a plastic  bag  to  contain  the 
folded  parachute,  a vacuum  pump  and  the  intercon- 
necting hoses  and  air-tight  seals.  Evacuation  of  the 
air  from  the  plastic  bag  with  an  efficient  pump  causes 
ambient  air  pressure  to  be  uniformly  exerted  upon 
the  parachute  pack  in  all  directions.  Vacuum  packing 
provides- only  moderate  pack  densities  ( — 33  lb/ft3),, 
but  iS  a useful  technique  suitable  for  remote  locations 
or  in  conjunction  with  pressure  packing  methods. 
Vacuum  packs  in  sealed,  plastic  bags  are  good  items 
for  long  time  shelf  storage. 

An  alternate  technique  used  for  preserving  the 
compressed  shape  of  a pack  to  expand  with  removal 
of  pressure  has  been  overcome  by  storing  under  pres- 
sure for  thirty  days.  Similar  results  have  been  achiev- 
ed by  placing  the  vacuum  pack  (or  a pack  under  pres- 
sure) in  a 175°F.(for  nylon)  oven  until  heated 
then  allowed  to  cool.  The  time  required  varies  with 
thickness  of  the  pack,  and  the  heating  and  cooling 
cycle  takes  less  than  24-hours.  Required  equipment 
is  an  autoclave  of  adequate  dimensions  and  controlled 
heat  source.  Similar  equipment  is  used  for  the  sterili- 
zation cycling  that  was  part  of  the  Viking  Lander 
parachute  system. 

Another  means  to  achieve  minimum  pack  size  is  a 
hand  lacing  process  of  the  parachute  container,  which  , 
can  be  accomplished  with  simple  tools.  This  method 
is  best  applied  to  a cylindrical  shape,  where  circum- 
ferential cross-lacing  between  rows  of  grommets  at 
the  pack  cover  edges  can  be  drawn  together  to  close 
the  container  compressing  the  contents.  This  method 
is  suitable  for  moderate  padk  densities,  but  is  slow 
and  not  adequate  for  complex  shapes. 

Post-Packing  Inspection.  High  density  packing 
techniques  impose  large  forces  on  the  packed  system 
(as  high  as  40  tons  force  on  the  illustrated  system). 
The  packing  forces  and  the  movement  and  shifting  of 
the  parachute  as  the  pack  volume  decreases  combine 
to  cause  damage  to  the  parachute's  components.  It 
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has  become  common  practice  to  x-ray  high  density 
packed  parachute  systems  to  determine  if  any  damage 
has  occurred  to  components  such  as  reefing  rings  and 
pyrotechnic  cutters,  which  can  be  visualized  by  x-ray 
examination.  This  has  been  only  a partial  quality 
control  step  in  post  packing  inspection,  since  the 
nylon  components  have  remained  invisible  under 
x-ray  inspection  techniques.  It  is  desirable  to  examine 
selected  critical  nylon  components,  such  as  reefing 
lines  and  arming  lanyards,  after  packing  for  structural 
integrity.  An  example  situation  would  be  two  reefing 
rings  shifting  during  packing  in  such  a manner  as  to 
pinch  or  completely  sever  a reefing  line.  Under  con- 
ventional x-ray  technique  this  impending  failure 
would  be  undetectable.  This  void  led  to  the  evalua- 
tion of  various  x-ray  absorbing  coatings  suitable  for 
use  on  nylon  parachute  cord.  (Ref.  289) 


Both  lead  acetate  and  cadmium  chloride  satisfied 
the  x-ray  opaqueness  requirement  for  use  on  critical 
nylon  components  in  the  high  density  parachute  pack. 
The  lead  acetate  “2  hour  soak”  in  a solution  concen- 
trated of  36  g/100  ml  distilled  water  seemed  *j  pro- 
vide the  best  overall  results  in  terms  of  x-ray  absorp- 
tion, strength  retention,  flexibility,  and  cost.  A 13% 
decrease  in  the  tensile  strength  of  the  cord  could  be 
expected  after  treatment. 

It  was  noted  that  the  lead  acetate  presented  a po- 
tential toxicity  hazard  to  personnel  involved  with  the  . 
application  of  the  coating  and  the  handling  of  the 
treated  material.  The  coated  cord  should  be  dyed  in 
order  to  allow  easy  identification  in  a work  environ 
ment.  Special  safety  procedures  snould  also  be  fol- 
lowed to  prevent  personnel  from  being  exposed  to 
dangerous  levels  of  the  toxic  materials. 


FACTORY  EQUIPMENT 
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Figure  4.34  Schematic  of  General  Utility  Decelerator  Packing  Press  Facility 
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CHAPTER  5 

TESTING  AND  OPERATIONS 


When  tests  are  to  be  performed,  the  type  and  number  of  tests  required  depend  upon  the  purpose  to  be  served. 
Test  objectives  may  range  from  basic  research,  aimed  at  ach  ancing  the  state-of-the-art,  to  obtaining  specific  appli- 
cation-cr,ented  data  for  evaluation  of  a component  or  qualification  of  a system.  Types  of  tests  are  identified  as 
either  functional  or  performance  tests.  Functional  tests  are  those  conducted  to  demonstrate  whether  a compo- 
nent (or  system)  functions  as  predicted  when  sul'/ected  to  a known  set  of  conditions  Performance  tests  are  those 
conducted  to  obtain  and  evaluat.  specific  perfonnance  characteristics  of  an  item,  or  various  comparative  items, 
over  a wide  range  of  operating  conditions.  Functional  tests  provide  a "yes" or  "no"  answer,  and  are  frequently 
conducted  without  instrumentation  in  tne  flight  art'de.  Measures  which  simplify  a normally  complex  test  opera- 
tion will  improve  chances  for  successful  testing  and  reduce  overall  program  costs  Cost  and  scheduling  factors  of 
a test  program  are  often  a paramount  consideration. 

A recovery  system  of  new  design  must  he  tested  under  closely  simulated  operational  and  environmental  condi- 
tions to  verify  its  performance  characteristics,  and  to  obtain  a degree  of  confidence  in  its  functional  reliability. 
The  requirement  for  testing  applies  m particular  to  types  of  aerodynamic  decelerators  which  differ  from  standard 
design  or  which  must  operate  at  high  speed,  extremely  low  or  high  dynanne  pressures,  or  under  environmental 
conditions  not  normally  encountered  by  parachutes  and  related  recovery  system  components. 

Testing  requirements  develop  from  a need  for  basic  research  or  from  the  need  to  verify  predicted  aims  of  a 
recovery  system  design.  Qerelerator  design  and  performance  prediction  remain  a strongly  empirical  science  from 
wh'-h  a”xes  a steady  demand  for  experimentally  derived  coefficients,  factors,  exponents,  and  base  values.  It 
should  he  an  extra  objective  of  rest  programs  to  acquire  and  fully  document  test  data  ( test  items,  equipment,  test 
co.nd'tions.  procedures,  results I m a form  that  will  add  to  the  total  data  bank  of  recovery  system  knowledge. 
Reliable  and  accurate  test  data  are  being  anphed  successfully  to  mathematical  models  that  show  reasonable 
agreement  with  experiment. 

The  development  and  use  of  complex  computer  programs  for  the  prediction  of  parachute  opening  forces  and 
internal  loads  has  had  a bonus  effect  on  testing  requirements  by  virtue  of  the  computer's  ability  to  iterate  long 
calculations  ir  a short  penod  of  time.  The  result  is  a speeded-up  trial  and  error  process  through  which  empirical 
coefficients  for  the  evaluation  of  air  mass,  canopy  pressure  distributions,  stability  derivatives,  and  the  like  can  be 
deduced  from  limited  measurements  obtained  m-  tests  that  were  instrumented  for  acquisition  of  other  data.  The 
technique  will  be  found  in  Chapter  7 in  Conner  rum  with  severe!  different  computerized  analytical  methods. 

Availability  of  reliable  and  accurate  testing  methods  and  testing  equipment  is  essential  to  successful  and  mean- 
ingful exploratory  and  experimental  research  and  ifevelnpr.ent.  But  economic  aspects  associated  with  achieving 
close  simulation  of  extreme  envi-onmentai  and  operational  conditio. is  are  often  a ma/or  barrier.  For  that  reason, 
decelerate.,-  design  parameters  cho  ked  in  wind  tunnel  tests,  or  performance  characteristics  verified  by  other  rela- 
tively inexpensive  testing  methods  are  useful  m support  of  design  for  specific  applications  Such  tests  may  reduce 
the  number  of  total  systems  tests  rei/wred  to  demonstrate  airworthiness  or  to  qualify  system  performance.  Sys- 
tems tests  should  he  performed  vrith  an  actual  or  closely  simulated  prototype  vehicle  in  free  flight,  since  the 
dynamic  and  wake  characteristics  of  the  flight  vehicle  tend  to  change  the  effective  performance  of  a decelerator 
from  its  characteristics  in  undisturbed  flow. 

A recovery  system  may  he  one  or  several  subsystems  comprising  an  operational  missile  system,  spacecraft  sys- 
tem or  military  aircraft,  to.  ate  the  more  complr-  application  examples.  Recovery  system  components  end  func- 
tions must  he  tested  setiarateiy.  then  system  integrated  with  other  subsystems  of  the  flight  vehicle  before  they  an 
considered  qualified  and  "otterationaf".  Th-s  chapter  presents  a comprehensive  picture  of  available  and  proven 
testing  methods,  facilities  and  equipment  for  dev  •'nptnent  of  recovery  systems  and  components  (principally  aero- 
dynamic decelerntorsl. 


TEST  METHODS  AND  CAPABILITIES 

Selection  of  testing  methods  to  be  employed  in  a 
given  development  program  is  guided  by  test  require- 
ments. and  tempered  by  cost  and  scheduling  consid- 
erations. Outdoor  test  schedules,  of  course,  are  sub- 
ject to  vagaries  of  weather.  Decelerator  testing  costs 
tend  to  rise  in  proportion  to  the  weight,  speed  and 
altitude  limits  of  the  system  performance  envelope, 
and  in  proportion  to  the  reliability  requirements  or 
operational  complexity  of  the  system.  Reliability 
requirements  are  most  stringent  for  men- rated  recov- 
ery systems  or  decelerator  systems  for  planetary 
probes.  Final  decelerator  testing  costs  can  be  a large 
fraction  of  total  development  program  costs.  There- 
fore, in  planning  a test  program,  the  number  of  costly 
full-scale  flight  tests  may  be  held  to  a minimum,  if 
supported  by  trustworthy  data  from  small  model 
tests  conducted  under  closely  controlled  conditions. 
The  cost  effectiveness  of  smell  mode!  testing  depends 
upon  the  quality  of  the  models  and  how  rigorously 
the  scaling  laws  have  been  observed  in  the  design  of 
the  tests.  Insufficient  attention  to  critical  details  wil 
yield  misleading,  if  not  erroneous  results.  Interpreta- 
tion of  am, all  scale  model  test  data  in  terms  of  full 
scale  free-flight  conditions  is  s difficult  and  demand- 
ing task.  The  worst  aspect  of  this  problem  has  been 
encountered  in  many  parachute  programs,  e.g..  the 
small  scale  parachute  will  inflate  readily  or  fly  stabily 
while  the  full  scale  model  will  not.  The  probtem  of 
scale  correlation  emphasizes  the  importance  of  ana- 
lyzing testing  requirements  whsn  selecting  testing 
methods  and  designing  tests.  Testing  requirements 
ere  bom  of  performance  prediction  analysis  end 
design  critaris.  discussed  in  Chapter  8. 

In  this  section  ere  desert oed  the  various  testing 
methods  used  for  the  development  of  recovery  sys- 
tems. Testing  methods  apphe able  to  aerodynamic 
deceleration  are  either  non-restraint  methods  or 
captive  methods.  Non-restraint  methods  ere  valuable 
for  their  capability  to  simulate  operational  free-flight 
conditions,  whereas  test  results  from  captive  methods 
usually  era  affected  in  varying  degrees  by  the  influ- 
ence of  the  restraint.  Free-flight  tatting  methods  ere 
dependent  upon  the  means  to  achieve  operational 
envelope  conditions  of  a system,  and  range  from 
ground  launch  luting  booster  rockets  to  reach  high 
attitude,  high  spaed  Right)  to  simple  airdrop  tech- 
niques or  vert  leaf  wind  tunnels.  Captive  methods 
may  also  provide  operational  envelope  conditions, 
but  only  at  one  point  of  performance  at  t time,  at 
in  a wind  tunnel.  Comparative  and  specific  perform- 
ance data  on  various  types  of  dacalsratofs  are  obtain- 
able with  accuracy  in  wind  tunnels  under  controlled 
conditions  at  raatonsbis  cost. 


Ability  to  perform  tests  under  controlled  condi- 
tions, availability  and  accuracy  of  test  data,  econom- 
ics of  testing,  and  achievement  of  specific  operational 
and  environmental  conditions  are  among  the  factors 
governing  the  selection  and  choice  of  a particular  test 
method.  In  some  instances,  the  only  worthwhile  test- 
ing will  be  by  means  of  full-scale  free-flight  tests.  In 
other  instances,  utilization  of  other  types  of  test 
methods  will  produce  substantial  savings  in  cost, 
more  rapid  testing,  more  precise  control  of  desired 
test-conditions  and  more  accurate  and  complete 
acquisition  of  performance  data. 

Free  Flight  Testing 

The  conventional  textile  parachute  once  served 
primarily  as  a means  of  aiding  escape  from  airborne 
vehicles  unoer  premeditated  or  emergency  conditions. 
While  the  parachute  is  still  used  for  this  purpose,  the 
field  of  use  for  rarachutes,  and  deployable  aerody- 
namic decelerates  in  general,  has  continuously  ex- 
panded in  the  direction  of  variety  in  the  function  of 
devices  and  increased  severity  of  the  environment  in 
which  some  decelerate!-*  are  required  to  perform. 
Free-flight  operational  conditions  in  terms  of  alti- 
tude. soeed.  dynamic  pressure  and  stagnation  temper- 
ature within  the  Earth's  atmosphere  are  shown  in 
Figure  5.1  as  rones  attainable  by  various  launch 
methods.  Excepting  those  tests  near  the  ground  in 
rone  F.  free-flight  testing  of  full  scale  decelerators  is 
accomplished  by  either  "gravity  drop”  methods, 
rones  A and  B.  or  by  "boosted  vehicle”  methods, 
rones  C and  D.  The  potential  for  extreme  temper- 
ature due  to  aerodynamic  heating  is  indicated  by  the 
rise  in  stagnation  temperature.  Ts,  with  increasing 
Mach  number.  Gravity  drop  tests  are  those  in  which 
an  uripowered  test  vehicle  with  it  packed  and  attach- 
ed test-item  is  launched  from  a siationary  or  moving 
aerial  platform  to  free-fall  under  the  influence  of 
gravity.  When  the  desired  test  speed  or  altitude  is 
reached,  the  test  item  is  deployed  for  performance 
evaluation.  Boosted  vehicle  tests  are  those  in  which 
the  test  vehicle  with  its  packed  and  attached  test  item 
is  launched  from  the  ground  or  from  an  aerial  plat- 
form and  boosted  by  suitable  rocket  engines  to  desir- 
ed speeds  and  altitudes  prior  to  deployment. 

A principle  advantage  o*  the  free-flight  test  meth- 
od is  the  absence  of  physical  restraint  on  the  motion 
of  the  decelerator-load  system.  Free-flight  provides  a 
finite  mas*  test  capability  and  allows  for  the  dynamic 
simulation  of  vehicle  effects  on  the  decelerator  aftei 
deployment,  and  vice-versa.  The  full  range  of  test 
conditions  can  be  duplicated  by  this  method  and  the 
actual  performance  of  complete  system  functions 
may  be  demonstrated.  Observation  and  measure- 
ments of  system  stability,  flight  trajectory,  rate  of 
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Figure  5. 1 Altitude  vt  Mech  Number,  Deceleretor  Performance  Regimes 


descent,  drift  tendencies,  arid  other  phenomena  are 
also  attainable  during  tests.  A disadvantage  of  free- 
flight  testing  methods,  when  compared  to  captive 
methods,  is  the  difficulty  to  control  and  measure  test 
conditions  and  to  observe  precise  motion  of  test 
items.  Of  course  the  extreme  complexity  of  test 
equipment  and  high  costs,  especially  for  high-speed 
and  high-altitude  test  programs,  is  sometimes  un- 
avoidable. 

Gravity  drop-testing,  although  generally  satisfying 
only  the  subsonic  speed  regime,  may  be  extended 
into  the  transonic  and  low  supersonic  speed  range  by 
launching  streamlined,  aerodynamically  clean  test 
vehicles  having  high  ballistic  coefficients,  from  fighter 
type  aircraft  or  from  high  altitude  balloon-borne  plat- 
forms. 

A boosted  vehicle  launch  configuration  usually 
takes  the  form  of  a drop-type  test  vehicle  with  a rock- 
et motor  added.  At  the  end  of  powered  flight,  the 
spent  booster  may  be  separated,  so  that  the  test  con- 
figuration simulates  an  operational  vehicle  in  flight  at 
the  test-point.  Size  of  the  added  rocket  motor  is  a 
function  of  the  impulse  required  to  reach  test-point 
conditions;  which  meahs  for  some  configurations  the 
booster  may  be  much  larger  than  the  test  body.  Then 
the  suspension  point  and  stabilizer  requirements  are 
dictated  largely  by  the  booster  dynamics.  Vehicle 
weight  and  attachment  loads  will  determine  the  limits 
of  launch  configuration  size  in  relation  to  airborne 
platforms  and  their  lift  and  flight  capacities.  Num- 
erous factors,  including  cost,  must  be  considered 
in  the  analysis  which  chooses  between  air-launch  and 
ground-launch  for  a boosted  vehicle, 

Drop-Testing  from  Aircraft.  The  most  commonly 
used  method  for  free-fliqh!  testing  of  deployable  aero- 
dynamic decelerators  utilizes  cargo,  bomber,  fighter 
aircraft  or  helicopter  as  the  launch  platform  for  a 
gravity  drop-test  vehicle.  With  fighter-type  aircraft, 
the  test  vehicle  is  usually  suspended,  from  a pylon 
mount  and  bomb  release  mechanism  under  the  wing 
as  shown  in  Figure  5.2,  or  centered  under  the  fuselage. 
"Drop"  is  initiated  by  the  pilot's  remote  activation  of 
the  bomb  release  at  desired  drop  pdint  conditions  of 
aircraft  speed,  altitude  and  direction  oyer  the  test 
range.  Similar  wmq  mounting  provisions  are  available 
on  bomber  type  aircraft  and  have  been  adapted  to 
helicopters  and  other  aircraft  as  well,  for  test  opera- 
tions Bombers  can  usually  accommodate  an  even 
larger  sinqle  drop  load  in  their  bomb  bay. 

With  cargo  aircraft,  the  test  load  tan  be  large  or 
small,  but  the  method  of  launch  requires  the  test  load 
to  be  moved  out  the  rear  door,  unlike  a straight  drop 
or  dowhward  election  from  a wing  pylon  For  gravity 
drops,  small  loads  have  been  pushed  out  the  rear  of 


Figure  5.2  Aircraft  with  Drop  Test  Vehicle 
Mounted  on  Wing  Pylon 

the  aircraft,  but  with  large  loads,  an  extraction  para- 
chute, as  used  in  aerial  delivery  procedures,  pro 
vides  the  force  to  remove  the  test  load.  If  it  is  intend- 
ed that  the  test  vehicle  accelerate  to  test  point  condi- 
tions by  gravity,  the  extraction  parachute  will  be  dis- 
connected after  extraction.  Tests  of  a parachute  or 
decelerates  system  dropped  in  this  manner  may  be 
for  any  recovery  application,  and  are  not  to  be  con- 
fused with  tests  on  the  operational  performance  of 
cargo  delivery  systems. 

Achievable  test  launch  conditions  are  listed  in 
Table  5.1  for  several  currently  used  aircraft.  Launch- 
ing of  unusual  loads  and  velocities  have  been  obtained 
with  special  prepr'-ation  The  F-4E  has  been  used  to 
reach  a test  velocity  uf  Mach  1.7  with  a test  vehicle 
weighing  8700  pounds  mounted  on  the  fuselage  cen- 
terline, and  2500  pounds  on  a wing  pylon. 

The  B-52  has  carried  single  vehic  as  of  acceptable 
shape  weighing  50,000  pounds  (X-15).  The  C-bA  has 
accommodated  a total  droppable  load  of  87,320 
pounds  extracted  rearward,  but  it  is  not  a designated 
aircraft  for  regular  recovery  system  development  test 
launchings.  The  current  upper  limit  for  conventional 
airdrops  is  approximately  50,000  pounds  for  a vehicle 
test  point  of  Mach  0,6  and  15,000  feet  altitude  when 
launched  from  an  aircraft  such  as  the  C-1 30  290 

Drop  testing  of  recovery  systems  and  decelerators 
from  aircraft  is  accomplished  with  a "short  delay" 
drop,  if  the  carrier  aircraft  is  flown  at  a speed,  alti- 
tude and  path  angle  close  to  the  test-point  flight 
conditions.  In  a "long  delay”  drop,  the  carrier  air- 
craft is  flown  well  above  the  desired  test-point  alti- 
tude at  drop  actuation,  to  allow  the  vehicle  time  to 
achieve  the  desired  test  initiation  point  conditions20. 
Air  dropping  by  rearward  extraction  from  a cargo  bay 
also  can  be  executed  with  either  short  or  long  de- 
ployment delays. 

Gravity  drop  testing  from  aircraft  is  the  principal 
method  in  use  at  the  National  Parachute  Test  Range, 
El  Cer.*ro.  However,  this  type  of  activity  is  regularly 
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TABLE  5.1  AIRCRAFT  ACHIEVABLE  LAUNCH  CONDITIONS 


Aircraft 

Maximum 

Maximum 

Maximum 

Maximum  Level 

Minimum 

Remarks 

Type 

Single 

Drop 

Speed  at 

Flight  Drop 

Drop 

Load 

Altitude 

Maximum 

Speed  at 

Speed 

Drop 

Drop 

5.000  ft  20,000  ft 

Weight 

Altitude 

(lbs) 

(ft) 

(kts) 

(kts)  (kts) 

(kts) 

| 

YF-4J 

4300 

50,000 

Mach  2.1 

750  750 

180 

Special  aircraft  has  in-flight 
ejection  seat  test  capability  , 

| 

F-4 

*4300 

45,000 

Mach  1 .5 

600  600 

180 

Special  max.  single  load  of 

8700  lbs  has  been  launched 

A-3B 

2000 

40.000 

240 

450  370 

150 

TA-4 

3575 

35.000 

300 

475  375 

130 

. 

A-6 

3500 

40,000 

450 

500  422 

150 

■ 

NII-1B 

300 

12.500 

100 

115 

55 

Aircraft  normally  used  for 
live  jumps  and  dummy  drop  ■ 

I 

1 C-117 

300 

12.500 

140 

140 

90 

Aircraft  normally  used  for 
live  jumps  and  dummy  drop 

C-130 

50.000 

30,000 

150 

150  150 

110 

Max.  speed  at  drops  is  with 
ramp  and  doors  open 

C-141 

35.000 

20.000 

191 

200  191 

120 

Max.  speed  at  drop  is  with 
ramp  and  doors  open 

C-5A 

40,000 

20.000 

175 

155  175 

126 

Special  max.  single  load  of 

87,320  lbs  has  been  extracted 

B-52 

30.000 

47.000 

245 

280  280 

•163 

Special  max.  single  load  of 

50,000  lbs  has  been  launched 

■ 

supported  at  other  bases  including  Edwards  AFB, 
Tonopah  Test  Range  and  US  Army  Yuma  Proving 
Ground. 

Boosted  Vehicle  Launch  from  A ircraft.  Test  vehi 
cles  have  been  powered  by  single,  clustered  or  staged 
solid  propellant  rocket  motors.  In  most  cases,  a 
boosted  test  vehicle  was  launched  from  aircraft  with 
the  same  techniques  used  for  gravity  drop  testing,  but 
with  booster  initiation  at  a safe  free-faii  distance  from 
the  aircraft.  Launch  aircraft,  bomb-rack  release  and 
launch  procedures  are  similar  to  gravity  drop  except 
where  special  safety  precautions  dictate  differences. 
Boosted  test  vehicles  have  not  been  used  extensively 
for  decelerator  testing,  largely  because  it  presents  a 
potential  hazard  of  rocket  proximity  to  aircraft  in  an 
untested  flight  configuration. 

Test  Vehicle  Launch  from  High-Altitude  Carrier 
Balloons.  For  the  purpose  of  testing  and  determining 
performance  characteristics  of  decelerators  at  subson- 
ic or  supersonic  speeds  and  at  altitudes  above  the  ceil- 
ing altitude  of  conventional  test  aircraft,  helium-filled 
high-altitude  polyethylene  balloons  are  sometimes 
used.  They  provide  a launch  platform  from  which  an 
unpowered  test  vehicle  is  released  for  a programmed 
descent291,  or  a boosted  test  vehicle  is  launched  on  a 
planned  trajectory  291  - 294  A separate  vehicle 
recovery  parachute  in  the  extended  state  as  shown  in 
Figure  5.3  js  usually  incorporated  in  the  balloon-load 
train  to  avoid  loss  of  the  test  vehicle  should  the  bal- 
loon system  fail  during  ascent.  Balloon  launched 
rocket  powered  vehicles  have  attained  test-point 
velocities  approaching  Mach  2.5  at  altitudes  up  to 
150.000  feet  with  high-drag  test  vehicles  weighing 
approximately  1900  pounds294.  As  the  required 
weight  goes  up,  attainable  altitudes  (and  speeds) 
go  down  for  this  free-flight  test  method  as  shown  in 
the  generalized  performace  chart  for  carrier  balloons 
in  Figure  5.4. 

At  equilibrium  altitude,  boosted  test  vehicles  have 
been  launched  through  the  apex  of  the  balloon  or  at 
an  upward  angle  to  miss  its  envelope.  In  the  laMer 
case,  a capability  for  azimuth  control  of  the  launch 
direction  was  achieved  by  "sun  seekers”  coupled  with 
oulse  jets  to  rotate  the  balloon  and  platform. 

Testing  with  large  balloons  is  expensive  compared 
to  other  testing  methods  and  is  used  when  the  test 
conditions  cannot  be  achieved  by  less  expensive 
methods.  Launching  of  large  balloons  for  test  drop 
purposes  is  limited  to  periods  when  ground  wind 
velocity  is  zero  or  nearly  so,  and  cross  wind  patterns 
aloft  must  be  reasonably  steady  for  placing  the  bal- 
loon over  the  test  range  by  the  time  maximum  alti- 
tude is  reached. 


8al!oon  launches  for  the  testing  of  decelerators 
and  recovery  systems  are  performed  by  the  Air  Force 
Geophysical  Laboratory  Group  at  the  Missile  Devel- 
opment Center,  Holloman  AFB. 

Test  Vehicle  Launch  from  Ground.  A common 
method  of  launching  boosted  vehicles  for  aero- 
dynamic decelerator  tests  is  from  a ground-based 
launcher  (Figure  B.B)293’29^  Short  rails  guide  the 
test  vehicle  during  its  initial  period  of  acceleration. 

Selection  of  the  rocket  propulsion  units  and  stag- 
ing for  launching  of  test  vehicles  must  be  predicated 
on  an  analysis  of  several  considerations,  among  which 
are  performance,  range  safety,  aerodynamics,  reliabil- 
ity. structure  and  thermal  effects.  T'<e  primary  con- 
sideration in  determining  rocket-motor  staging  is 
reliability  in  attaining  the  desired  velocity-altitude 
conditions  in  the  test.  Selection  of  the  booster  units 
for  the  various  stages  should  include  consideration  of 
relative  rocket  size  to  achieve  near-optimum  mass- 
ratio  for  the  stages,  efficiency,  cost,  reliability,  and 
previous  record  of  performance.  Selection  of  the 
initial  stage  rocket  is  also  influenced  by  thermal  and 
inertial  loading  considerations.  To  minimize  aerody- 
namic heating  and  the  g-load  effects  during  boost,  the 
initial  stage  should  have  a relatively  long  burning 
time.  Generalized  performance  capabilities  of  de- 
celerator test  vehicles  (W  = 250,  500  and  800  lbs)  for 
various  solid  fuel  rocket-booster  combinations  are 
found  in  Ref.  224 . The  trajectories  shown  are  not 
necessarily  optimum  from  the  standpoint  of  aerody- 
namic heating  and  range  consideration.  This  is  es- 
pecially true  for  the  higher  velocities.  For  such  cases, 
the  range  and  aerodynamic  heating  considerations  can 
have  a strong  influence  on  the  design  of  the  vehicle 
system,  the  initial  launch  altitude  of  the  vehicle,  and 
staging  operations. 

Testing  from  Whirl  Tower.  The  problems  of  con- 
ducting and  observing  controlled  experiments  with 
full-scale  parachutes  under  normal  or  near-normal 
operating  conditions-  led  to  the  development  of  the 
Parachute  Whirl  Tower  Test  Facility  (Figure  5.6) 
located  at  the  National  Parachute  Test  Range,  El 
Centro.  In  addition  to  precise  speed  controls  and  a 
predictable  flight-path,  the  whirl  tower  provides  free- 
fall  test  data  and  evaluation  of  personnel  sized  para- 
chutes by  releasing  the  parachute-load  system  from 
all  restraints  during  the  test.  This  is  made  possible  by 
mounting  the  test  vehicle  with  a parachute  pack  on  a 
release  device  inside  a streamlined  nacelle  suspended 
from  the  whirling  arm  of  the  tower.  Parachute  de- 
ployment is  effected  immediately  after  release  from 
the  whirling  nacelle  by  means  of  a short  static-line. 
Since  the  action  of  centripetal  force  ceases  at  the  in- 
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stant  of  release,  the  free-flying  parachute-load  system 
follows  a predetermined  course  similar  to  the  trajec- 
tory encountered  in  normal  drops  from  aircraft.  The 
height  of  the  release  point  generally  is  sufficient  to 
enable  the  canopy  to  reach  the  stabilized,  fully  infla- 
ted condition  of  normal  operation  for  a brief  interval 
prior  to  touchdown  of  the  suspended  load.  Because 
the  flight  trajectory  is  short  and  its  direction  repro- 
ducible within  narrow  limits,  very  complete  fixed 
instrumentation  coverage  is  possible. 

■ Structurally,  the  parachute  whirl  tower  consists  of 
a truncated  steel  tripod  erected  to  support  a vertical 
Central  drive-shaft.  At  a point  -120  feet  above  the 
ground,  a counter-balanced  boom  is  secured  to  the 
central  drive-shaft.  From  the  arm  of  the  boom,,  a 
115  ft  flexible  steel  cable  is  suspended  56  feet  out- 
board of  the  central  drive-s,haft.  The  cabie  supports  a 
streamlined  nacelle  which  incorporates  equipment  to 
carry  and  release  test  loads  with  parachutes  to  be  test- 
ed. The  whirl  tower  has  a maximum  working  radius 
of  172  feet  and  is  powered  by  a 2800  hp  electric 
motor.  Two  test  vehicles  are  presently  available  for 
whirl-tower  testing:  (1)  a nacelle  with  provisions  for 
mounting  a torso  dummy,  and  (2)  a general-purpose 
test  vehicle  at  loads  from  250  to  550  lbs.  In  the 
nacelle  tests,  the  dummy  can  be  released  at  speeds  up 
to  350  knots.  The  nacelle  in  this  case  provides  a 
streamlined  shape  to  support  a stable,  high-speed  test 
run.  In  the  use  of  the  general-purpose  test  vehicle, 
test  speeds  up  to  400  knots  have  been  attained.  A 
compartment  of  13  inches  diameter  and  30  inches 
length  is  available  for  stowage  of  the  test  item.  Nor- 
mal instrumentation  at  the  site  consists  of  telemeter- 
ing systems  and  photographic  instrumentation  placed 
at  strategic  locations  around  the  test  facility. 

Gun-Launched  Ballistic  Vehicles.  The  compressed 
air  gur,271'296-297or  mortar-launched  ballistic  projec- 
tile method  of  decelerator  free-flight  testing  has  been 
employed  as  an  economical  substitute  for  aircraft 
drop  tests  or  ground-launched  rockets.  In  an  experi- 
mental decelerator  development  program,  for  exam- 
ple, the  method  enables  the  performance  of  a large 
number  of  functional  tests,  starting  with  high-velocity 
deployment  shortly  after  launch  of  the  upward  leg 
of  the  trajectory,  followed  by  low-velocity  descent 
from  apogee.  Limited  performance  data  may  be  ob- 
tained with  relatively  simple  range  instrumentation. 

Ejected  Vehicle  Sled  Launch.  High  speed  rocket 
sleds  are  used  as  moving  platforms  for  the  upward 
launching  of  decelerator  test  vehicles  with  which  a 
short  free-flight  trajectory  is  sufficient  for  evaluation 
of  system  deceleration  and  stability.  The  method  is 
particularly  well  adapted  for  aircrew  escape  systems- 


ejection  seats,  nose  capsules  and  crew  modules—" 
employing  attitude  stabilization  drogues.  The  com- 
plete recovery  sequence  of  aircrew  escape  systems 
designed  to  operate  at  high  speeds  and  essentially 
zero  altitude  may  be  observed  close-up  with  a com- 
prehensive instrumental  set-up  along  the  track. 

Other  Free-Flight  Testing.  Limited  testing  of 
small  decelerators  has  been  conducted  within  high 
bay  enclosed  shelters  and  in  wind  tunnels.  Free 
descent  of  parachutes  can  be  closely  simulated  in 
vertical  wind  tunnels,  or  the  inflation  transient  at 
high  speeds  can  be  approximated  by  allowing  the 
model  to  fly  down  a horizontal  tunnel  between 
launching  point  and  arresting  gear 298  ~ 303- 
The  kiting  characteristics  of  gliding  parachutes 
permits  short  free  descent  tests  to  be  performed  after 
the  gliding  parachute  has  gained  enough  altitude  with 
the  aid  of  a tow-line  and  a suitable  towing  vehicle1?2 

Captive  or  Tow  Testing 

In  the  area  of  captive  or  tow  testing  of  deployable 
aerodynamic  decelerators,  the  following  test  methods 
have  been  used: 

aircraft  tow  tests,  in  which  the  decelerator  is 
deployed  behind  the  test  aircraft  either  in  flight 
or  on  the  runway. 

rocket-sled  tests,  in  which  the  test  vehicle  is 
propelled  by  suitable  rocket-propulsion  units 
along  a railed  track  with  the  decelerator  deploy- 
ed after  a desired  velocity  has  been  reached, 

■ truck  tow  tests  of  ballistic  or  gliding  parachutes 
water-tow  tests,  in  which  two-dimensional  or 
three-dimensional  test  models  are  towed  in 
water,  and 
wind-tunnel  testing 

Advantages  of  captive  or  tow  testing  are  the  con- 
trol of  initial  test  conditions,  accurate  and  precise 
measurement  of  performance  parameters,  the  use  of 
recoverable  and  reusable  test-vehicles,  and  the  fre- 
quency of  tests  obtainable.  In  some  cases,  the  cost  of 
testing  is  significantly  lower  than  that  obtainable  with 
other'  test  methods.  There  are  however,  disadvantages 
to  captive  or  tow  testing.  In  all  cases  the  test  item  is 
restrained,  allowing  only  limited  freedom  of  motion 
during  test.  All  testing  is  conducted  near  infinite- 
mass  operating  conditions,  meaning  that  the  velocity 
decay  during  test-item  inflation  is  small  or  non- 
existent. 

Aircraft  Tow.  Towing  parachutes  behind  aircraft 
has  proven  a satisfactory  method  of  testing.  If  the  ’ 
parachute  is  intended  for  aircraft  landing  deceleration  \ 
or  cargo  extraction,  the  parachute  system  designed  1 
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for  a particular  aircraft  should  be  tested  behind  that 
aircraft  in  order  that  the  performance  characteristics 
of  the  parachute  system  are  accurately  determined 
under  true  operating  limits.  Aircraft  such  as  C-130, 
C-141  and  C-5A304, 305 have  been  equipped  with  on- 
board oscillographs  or  telernetric  equipment  attached 
to  strain  gage  links  in  extraction  lines  to  measure 
forces  and  deployment  times  of  test  parachutes. 
Forces  up  to  68,000  lb  have  been  recorded  prior  to 
release  of  towed  parachutes  in  these  tests.  As  a means 
of  development  of  parachutes  for  use  other  than  air- 
craft deceleration  or  cargo  extraction,  this  method 
has  only  limited  application  because'of  aircraft  wake 
effects,  personnel  safety,  and  requirements  for  air- 
craft modi’fication  to  accommodate  the  test  system. 

Taxi-test  aircraft  have  been  utilized  to  obtain  per- 
formance data  on  various  parachute  designs  and  sys- 
tems for  aircraft  landing  deceleration  (Figure  5.7). 
Parachute  deployment,  drag,  and  to  some  extent,  sta- 
bility characteristics  have  been  determined  at  speeds 
up  to  130  knots  on  a 12,000  ft  runway.  Parachutes 
pf  diameter  up  to  35  feet  were  tested.  Instrumenta- 
tion to  measure  and  record  parachute  forces,  ground 
speed,  and  various  other  data  on  a common  time-base 
was  installed  in  the  test  aircraft. 

To  determine  specific  parachute  performance  char- 
acteristics at  high  deployment  speeds  and  higher  alti- 
tudes, and  evaluate  the  performance  of  parachute 
systems  for  inflight  applications,  various  jet  aircraft 
have  been  used  successfully  as  tow-test  aircraft.  Para- 
chutes with  diameters  up  to  16  feet  have  been'  de- 
ployed at  speeds  up  to  195  knots  without  impairing 
the  safety  of  flight.  The  aircraft  were  equipped  with 
instrumentation  to  measure  and  record  parachute 
forces,  aircraft  speed,  and  other  operational  data 
versus  time. 

An  F-104B  airplane  was  modified  to  investigate 
the  drag  and  stability  characteristics  of  a ballute 
decelerate  in  the  wake  of  an  asymmetrical  air- 
plane30® Decelerator  deployments  were  initiated  at  a 
Mach  number  of  1.3  and  an  altitude  of  i 5,240  meters 
(50.000  feet)  and  terminated  when  the  airplane  had 
decelerated  to  a Mach  number  of  0.5. 

Rocket-Sled  Tow.  Rocket  powered  track-bound 
vehicles  have  been  used  successfully  for  determining 
deployment  and  aerodynamic  characteristics  as  well 
as  general  performance  of  parachutes  and  other  decel- 
erators  at  subsonic,  transonic  and  supersonic  speeds. 
Facilities  consist  of  straight,  precisely  aligned,  single 
or  dual-rails  along  which  the  test-sled  can  move.  The 
decelerator  or  system  to  be  tested  is  stowed  on  the 
sled  vehicle  and  remains  attached  after  deployment. 
Track  tests  have  a few  advantages  over  other  test 
methods.  Large-size  decelerator  models  or  even  full- 


scale  parachutes  may  be  used,  thus  avoiding  the  effect 
of  dimensional  scale-factors.  High  dynamic  pressures 
permit  testing  that  can  establish  structural  safety 
factors.  Disadvantages  of  this  test  method  include 
the  fact  that  testing  is  limited  to  one  atmosphere  den- 
sity, and  usable  test  periods  are  of  short  duration 
since  the  test  period  is  limited  by  the  track  length  and 
by  the  length  of  time  the  sled  can  be  maintained  at 
required  test  velocities.  Also,  propulsion  costs  may 
be  high,  especially  for  testing  at  the  high  velocities. 

Track  facilities  currently  used  for  testing  deploy- 
able aerodynamic  decelerators  are  located  at  the  Air 
Force  Armament  Development  Test  Center.  Holloman 
Air  Force  Base,  Air  Force  Special  Weapons  Center; 
Kirtland  Air  Force  Base,  and  Naval  Weapons  Center, 
China  Lake. 

Truck  Tow.  The  use  of  a truck  to  tow  small  para- 
chutes permits  close  up  study  of  parachute  operation 
and  avoids  costly  delays  typical  of  testing  from  air- 
craft. The  parachute  is  attached  to  a framework  of 
sufficient  height  to  provide  parachute-road  clearance. 
Figure  5.8  illustrates  a typical  truck-tow  test  arrange- 
ment for  a gliding  parachute  model  attached  to  an 
outrigger  boom. 

Water  Tow.  An  inexpensive  means  of  testing  aero- 
dynamic deceleration  devices  is  available  in  the  water- 
tow  test  method,  or  in  flow  of  a liquid  with  a free 
surface  in  a gravity  field.  This  method,  particularly  in 
"shallow  water"  tests307- 308  is  well  suited  for  the 
study  of  precise  internal  and  external  aerodynamic 
characteristics  during  supersonic  operation  of  flexible 
deceleration  devices  and  primary-secondary’  body 
combinations.  Also  in  "deep  water"  tests308  this 
method  provides  strength-testing  of  deceleration 
davices  under  high  dynamic  pressures.  Naturally, 
there  are  limitations  to  water  tow  testing  with  respect 
To  the  velocity  that  can  be  simulated.  For  two-di- 
mensional model  testing,  this  limit  is  given  by  bound- 
aries in  validity  of  the  water  surface-wave  analogy, 
whereas  for  deep-water  tow  the  'imit  is  reached  at  an 
equivalent  Mach  number  of  0.8,  when  cavitation 
around  the  test  item  usually  develops.  The  analogy 
of  the  flow  of  a liquid  with  a free  surface  in  a gravity 
field  to  the  two-dimensional  flow  of  a compressible 
gas  has  been  known  for  some  time.  References  3io, 
311,  312,  313  and  314  provide  further  data  relating 
hydraulic!  analogy  with  supersonic  flow. 

Based  upon  deep-water  test  results,  the  following 
comparison  may  be  made  between  parachute  per- 
formance characteristics  in  water  and  in  air  under 
equivalent  velocity  and  dynamic  pressure  conditions; 

The  opening  shock  factor  associated  with  a par- 
ticular decelerator  type  is  larger  in  air  than  it  is 
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Figure  5.7  F-5  Aircraft  Testing  of  15-Foot  Ringstot  Deceleration  Parachute 


for  the  same  type  in  water.  This  is  because  of 
the  difference  in  the  rate  of  loading  by  the  air 
and  watei  masses. 

The  drag  area  of  a solid  cloth  parachute  towed 
in  water  is  higher  than  that  of  the  same  para- 
chute in  air,  because  of  effective  porosity  dif- 
ferences. 

Although  the  subsonic  drag  of  a decelerator  increases 
in  air  as  its  distance  behind  a primary  body  is  length- 
ened, this  trend  is  reversed  in  water.  It  is  believed 
that  in  water  there  exists  a "super-velocity"  region  in 
that  portion  of  the  wake  to  which  the  aerodynamic 
decelerator  is  exposed,  diminishing  with  distance  be- 
hind a primary  body  in  water  is  highest  "close-in" 
and  decreases  as  the  canopy  is  moved  downstream. 
A deep  water  tow  facility  that  has  been  used  for 
parachute  testing  is  the  David  Taylor  Model  Basin, 
Bureau  of  Naval  Weapons,  Carderock,  MD. 

Wind  Tunnel  Testing.  The  use  of  wind  tunnels  for 
the  measurement  of  aerodynamic  characteristics  and 
the  acquisition  of  performance  data  for  the  design  of 
aerodynamic  decelerators  is  the  most  productive  of 
captive  test  methods.  Results  from  wind-tunnel  tests 
have  contributed  significantly  to  the  advancement  of 
aerodynamic  decelerator  technology.  Although  wind- 
tunnel  testing  is  not  well  suited  for  the  study  and 
determination  of  all  of  the  aerodynamic  and  perform- 
ance characteristics  of  decelerators,  this  test  method 
nevertheless  presents  advantages  that  balance  short- 
comings of  some  of  the  data.  Advantages  of  using  the 
wind  tunnel,  compared  with  other  test  methods  are: 
Steady  state  test  conditions  are  subject  to  close 
control. 

Measurement  of  maximum  precision  may  be 
made. 

Test  conditions  may  be  changed  quickly. 

Air  flow  around  decelerators  may  be  made  visi- 
ble 316  -322 

Within  certain  limits,  comparative  performance 
relationships  and  trends  usually  correlate, with  ' 
full-scale  free-flight  behavior323 


Disadvantages  of  the  method  arise  mainly  from  the 
limitation  of  size  or  physical  scale  of  models  which 
can  be  investigated,  the  restraints  placed  on  their  free- 
dom of  motion,  the  maximum  dynamic  pressure  lim- 
its of  unstable  models,  and  the  uncertainty  of  correla- 
tion with  full-scale  free  Stream  conditions.  A number 
of  test  problems  are  encountered  during  wind  tunnel 
tests,  of  which  the  most  difficult  are: 
wind  tunnel  blocking  and  wall  effects, 
testing  below  critical  Reynolds  numbers, 
direct  measurement  of  canopy  side  loads, 
and  mounting  models  to  minimize  flow  separation 
effects. 
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Blocking  effects  arise  when  the  ratio  of  the  model 
projected  area  to  the  test-section  area  is  large.  For 
subsonic  testing,  the  maximum  ratio  or  model  area  to 
test  section  area  should  not  be  larger  than  approxi- 
mately fifteep-percent  if  blocking  effects  are  to  be 
minimized.  This  area  ratio  applies  primarily  to  open- 
ing-shock measurements  of  canopies.  For  the  deter- 
mination of  aerodynamic  coefficients,  smaller  models 
should  be  utilized.  For  best  results,  the  projected 
area  of  the  inflated  aerodynamic  decelerator  model 
should  not  exceed  10  to  15  percent  of  the  test 
section  area. 

Wind  tunnel  tests  are  generally  conducted  above 
critical  Reynolds  number  in  order  to  avoid  scale 
effects.  As  in  aircraft  work,  an  attempt  is  made  to 
achieve  Reynolds  number  equivalent  to  actual  full- 
scale  test  or  operational  conditions;  however,  this 
has  seldom  been  feasible  because  of  the  large  canopy 
diameters. 

The  requirements  for  wind  tunnel  testing  at  super- 
sonic speeds  are  more  stringent.  The  positioning  of 
.he  dece.'erator  model  in  the  test  section  is  critical 
and  mounts  must  be  rigid.  Trailing  models  are  limit- 
ed to  a range  of  downstream  positions  that  will  not 
be  intersected  by  mount  and  body  shock  waves 
reflected  from  the  tunnel  walls. 

Decelerator  models  in  a supersonic  wind  tunnel 
must  be  structurally  strong  enough  to  withstand 
sustained  operation  far  beyond  the  demands  of  an 
operational  item.  Instability  pulsation  and  fluttering 
will  tend  to  limit  the  maximum  dynamic  pressure  of 
the  tests,  or  the  use  of  over-strength  models  will 
introduce  unfavorable  scale  factors  with  respect  to 
stiffness  and  elasticity.  Wind  tunnel  facilities  current- 
ly used  for  testing  supersonic  decelerator  types  are 
located  at  the  Arnold  Air  Force  Station,  Tennessee. 

Support  Testing 

Support  tests  are  those  conducted  on  recovery  sys- 
tem components  and  materials  to  obtain,  at  low  cost,, 
functional  verification  or  specific  data  in  support  of 
(and  usually  prior  to)  expensive  major  development 
operations  such  as  flight  testing.  Ground  tests  or 
bench  tests  are  often  used  to  demonstrate  functional 
integrity  of  a decelerator  or  a’ component  of  the 
system.  Other  tests  are  made  to  learn  exact  charac- 
teristics of  materials,  for  example,  in  the  investigation 
of'  failures  to  determine  cause.  Tests  of  this  nature 
employ  laboratory  methods  and  equipment.  Simple 
laboratory  tests,  such  as  the  results  of  chemical  analy- 
sis. determining  weathering  qualities,  establishing 
abrasion  resistance,  or  determining  the  friction  coef- 
ficient of  a material,  are  made  with  reference  to  their 
effect  on  the  primary  characteristics.  Since  required 
characteristics  for  textiles  in  other  fields  are  some- 
what similar,  the  testing  equipment  for  recovery  sys- 
tem textiles  has  been  borrowed  or  adapted  from  these 
other  fields.  However,  characteristics  such  as  air 
permeability  and  elongation  under  stress  are  more 
thoroughly  investigated.  The  methods  described  in 
the  following  paragraphs  are  primarily  for  textile  test- 


ing. Some  testing  is  done  on  aerodynamic  decelerator 
hardware,  but  this  follows  the  same  pattern  as  any 
metal  testing  . . . such  as  bending  and  hardness  testing 
and  radiographic  analysis.  A number  of  instruments 
are  commercially  available  for  all  of  these  tests. 

Both  static  and  dynamic  laboratory  test  equip- 
ment are  needed  to  adequately  evaluate  mechanical 
properties,  functional  characteristics  and  performance 
of  every  part  of  a recovery  system.  Measurement  of 
the  mechanical  properties  of  textiles  and  energy 
absorbing  materials  are  a normal  function  of  the 
manufacturers  of  decelerator  and  landing  systems. 
Complex  testing,  such  as  the  discrete  vibration  spec- 
trum or  extreme  vacuum,  sometimes  required  in 
flight  environment  simulation,  may'  be  delegated  to 
an  independent  test  laboratory  or  an  available  govern- 
ment facility. 

Simulated  Deployment.  Several  different  kinds  of 
deployment  tests  are  performed  with  varying  degrees 
of  sophistication  depending  on  the  purpose. 

The  static  extraction  force  required  to  strip  a 
deployment  bag  from  a packed  decelerator  is  usually 
measured  as  a function  of  displacement  on  a long 
smooth  table. 

The  motion  of  a deploying  decelerator  may  be 
evaluated  to  a degree  under  static  conditions  by  im- 
pulsive extraction  or  ejection  of  the  pack  from  its 
compartment  in  the  vehicle  or  in  a partial  dummy 
vehicle.  A stretched  elastic  "shock-cord"  has  been 
used  for  this  purpose  to  simulate  the  drag  of  the  pilot 
chute  or  prior-stage  drogue. 

Static  mortar  firings  and  ejection  tests  may  be  per- 
formed with  either  dummy  or  actual  decelerator 
packs  to  evaluate  muzzle  velocities  and  the  behavior 
of  the  decelerator  and  deployment  bag  during  the 
stretchout  sequence . 

Recovery  system  deployment  sequencing  may  be 
evaluated  with  actual  or  dummy  vehicles  at  rest  on 
the  ground  for  detailed  instrumental  and  photograph- 
ic coverage  of  the  complete  series  of  events  in  real 
time.  Reference  324  describes  a dynamic  simulation 
technique  which  utilized  a moving  truck  to  achieve 
stretchout  of  a packed  parachute.  The  packed  para- 
chute is  mounted  on  the  truck  bed  and  the  main  riser 
anchored  to  the  ground.  At  the  truck  accelerates,  the 
parachute  deploys. 

Deployment  impact  loads  and  bridle  failure  modes 
are  duplicated  with  several  different  kinds  of  dynamic 
loading  equipment,  some  highly  specialized. 

The  release  and  inflation  of  airbags  for  impact 
attenuation  or  flotation,  and  the  deployment  of  other 
landing  devices,  may  be  checked  for  function  and 
operating  time  prior  to  or  in  conjunction  with  appro- 
priate drop  impact  tests. 


207 


Function  and  Performance  Checks.  Recovery  sys- 
tem -sequencers,  actuators  and  control  sensors  are 
tested  in  a laboratory  by  a variety  of  methods  to 
evaluate  functional  adequacy,  reliability,  and  per- 
formance. Measurements  usually  involve  forbe  or 
pressure  transients  as  a function  of  time  obtained  by 
recording  transducer  outputs  on  tape  or  film. 

Materials  Testing.  Laboratory  testing  of  materials 
consists  mainly  of  measuring  the  mechanical  proper- 
ties of  textiles.  A variety  of  both  standardized  spe- 
cial apparatus  and  instruments  are  available  for  this 
purpose.  Other  materials  such  as  energy  absorbing 
honeycombs  or  structural  foams  also  have  been  sub-, 
jected  to  comprehensive  laboratory  testing,  primarily 
impact  loading,  to  determine  their  suitability  for 
various  shock  attenuation  needs  usually  associated 
with  recovery  system  landing  dynamics. 

Laboratory  equipment  for  the  measurement  of  the 
mechanical  properties  of  textiles  of  importance  to  the 
function  of  aerodynamic  decelerators  includes  that 
for  tensile  strength  and  strain  both  static  and  dynam- 
ic, air  permeability  at  low  and  high  pressures  under 
various  loading  conditions,  tearing  strength,  resistance 
to  fatigue  and  abrasion,  surface  smoothness,  stiffness 
and  toughness.  Decelerator  materials  tests  are  made 
to  confirm  that  the  materials  when  received,  meet  the 
requirements  of  procurement  specifications  prior  to 
manufacture.  Other  tests  determine  seam  and  joint 
strength  values  for  use  in  structural  evaluation,  or 
provide  data  for  failure  analysis  of  the  system  or  com- 
ponents. Similar  tests  are  conducted  to  determine 
properties  of  new  materials  which  may  be  applicable 
to  decelerator  usage.  Textile  test  methods  are  speci- 
fied in  Federal  Standard  191  32^  Methods  used  to 
achieve  the  above  objectives  are  listed  in  Table  5.2. 
Tests  of  joints,  seams  and  splices  for  the  evaluation 
of  system  strength  characteristics  employ  the  same 
test  methods. 


Figure  5.9  Representative  Textile  Testing  Machine  for 
Comparatively  Heavier  Textile  Forms 


TABLE  5.2  TEXTILE  MATERIALS  TESTING 


Type  of 
Material 

Test  Data 
Required 

Test  Method 
(FED  STD  191) 

Cloth 

Breaking  strength 
and  elongation 

5134  ' 

Tearing  strength 

Air  permeability 

5104 

5450,1 

Cord 

Breaking  strength 
and  elongation 

4102 

Tape  & 
Webbing 

Breaking  strength 
and  elongation 

5100 

Thread 

Breaking  strength 
elongation  .tenacity 

4100.1 

Tensile  Strength  and  Elongation. 

, Standard  tensile 

testing  machines  such  as  those  illustrated  in  Figure 
5.9  are  used  to  measure  the  strength  of  different 
textile  forms,  e.g.,  cord,  tape,  webbing,  ribbon  and 
prepared  strips  of  cloth.  The  material  ends  are  grip- 
ped in  self-clamping  jaws,  such  as  split  cylinders, 
around  which  the  textile  form  is  wrapped  in  a way 
that  minimizes  end-effects.  The  proper  grip  of  clamp 
is  as  important  as  the  tensile  testing  instrument.  If 
the  specimen  is  not  held  correctly,  errors  will  result. 
A break  occurring  at  the  jaws  is  not  an  acceptable 
failure  mode  for  ultimate  strength  evaluation.  The 
elongation  of  the  specimen  at  rupture  is  usually 
measured  at  the  same  time  to  yield  corresponding 
values  of  the  ultimate  strength  and'  elongation  of  the 
material. 

Strength  factors  are  measured  under  many  differ- 
ent conditions  depending  upon  the  purpose  of  the 
tests.  ■ Normally,  they  are  determined  in  terms  of 
standard,  dry-specimen  conditions  at  70°  F (+2°)  and 
65  percent  (±1%)  relative  humidity.  Continuous  load- 
elongation  (stress-strain)  measurements  are  obtained 
in  graphical  form  by  attaching  a suitable  recording 
instrument  to  a predetermined  gage-length  of  the 
specimen  between  the  jaws.  Test  set-ups  must  be 
carefully  prepared  when  carried  to  rupture  because 
the  strain  metering  arrangement  will  experience  high 
velocity  displacement  following  failure  of  the  speci- 
men. 

Narrow  woven  forms  (ribbon,  tape,  Webbing)  pro- 
vide a convenient  self-base  for  unit  strength  measure- 
ments because  of  the  inherent  difficulties  in  evalua- 
ting the  tensile  stress  over  a Unit  cross-sectional  area 
of  the  test  specimen.  Textile  forms  of  substantial 
width,  principally  cloth,  are  converted  into  test  sped- 
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mens  that  will  yield  a measure  of  the  strength  per 
unit  width.  In  the  "ravel-strip"  method  (5104)325, 
a test  specimen  of  the  desired  unit  width  (one  inch)  is 
prepared  by  cutting  a strip  of  cloth  parallel  to  the 
warp  (or  fill)  yarns  and  then  reducing  it  to  the  final 
test  dimension  by  removal  of  excess  warp  (or  fill) 
yarns  on  both  sides  of  the  unit  width.  This  is  typical 
for  one  direction  tensile  test  methods.  Synchronous 
bi-axial  strength  measurements  require  more  complex 
apparatus.  To  simulate  biaxial  loading  experienced 
by  cloth  in  a parachute  canopy  under  air  pressure  is 
extremely  difficult. 

Tensile  strength  may  be  tested  at  elevated  temper- 
atures by  either  surrounding  the  test  specimen  with  a 
heating  unit  between  the  jaws  of  the  machine  or  by 
placing  the  entire  apparatus  in  an  autoclave.  The 
heating  unit  is  replaced  with  a refrigeration  unit  for 
strength  measurements  at  low  temperatures.  Special 
laboratory  equipment  may  be  required  for  the  meas- 
urement of  textile  strengths  at  transient  low  and  high 
temperatures. 

Tearing  Strength.  The  tearing  strength  of  a textile 
fabric  is  defined  as  the  force  required  to  start  or  con- 
tinue a tear.  A tear  failure  entails  the  successive 
breakage  of  warp  or  fill  yarns  along  a continuous  line, 
each  yarn  failing  in  tension.  A representative  testing 


Figure  6.10  Representative  Textile  Testing  Machine 
for  Fabrics  and  Light  Cordage 


macnine  used  for  measuring  tearing  strength  is 
shown,  in  Figure  5.10. 

The  resistance  of  textiles  to  tearing  stresses  is 
important  to  the  structural  integrity  of  decelerators 
in  the  free  edges  of  fabric  members  subject  to  non- 
uniform  tensile  running  loads  or  to  stress  concentra- 
tions where  the  fabric  is  reinforced  by  superimposed 
W>es.  Tear  resistance  also  helps  limit  the  propagation 
of  fabric  breaks  caused  by  the  initial  pressure  pulse  of 
the  inflating  canopy,  Two  methods  of-  measuring 
tearing  strength  are  the  "tongue"  method  (51 34) 325 
and  the  "trapezoid"  method  (5136)325.  The  tongue 
method  is  used  to  measure  the  tearing  strengths  of 
fabric  having  approximately  equal  tensile  strengths  in 
the  warp  and  fill  directions.  The  trapezoid  method  is 
used  when  the  warp  and  fill  strengths  are  unequal. 

Impact  Strength  Because  of  its  importance  to 
decelerator  performance,  the  impact  strer/gth  of  tex- 
tiles has  received  increasing  attention  in  the  industry, 
and  a variety  of  laboratory  testing  methods  have  been 
developed.  The  typical  static  tensile  test  has  a speci- 
men loading  rate  in  the  order  of  two  percent  of  the 
ultimate  strength  per  second.  On  the  other  hand,  a 
relatively  moderate  parachute  loading  rate  during  in- 
flation is  closer  to  100  percent  per  second,  while  high- 
onset  impacts  up  to  about  2500  percent  per  second 
have  been  experienced  during  deployment  and  have 
been  reproduced  with  special  laboratory  equipment. 
Another  relative  measure  of  loading  rate  is  the  impact 
velocity  applied  to  an  unstretched  specimen  of  a 
given  length;  representative  maxima  during  deploy- 
ment fall  in  the  range  from  250  to  300  fps.  At  these 
velocities  the  mass-inertia  of  the  material  inhibits  its 
elastic  response  such  that  a short  segment  at  one  end 
may  be  loaded  to  the  breaking  point  before  the  bal- 
ance of  the  specimen  is  stressed,  e.i.,  the  critical  veloc- 
ity of  the  material  may  be  exceeded. 
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Figure  5. 11  Schematic  Diagram  of  Textile 

Impact-Testing  Apparatus  f Ref 326) 


209 


i 


Laboratory  apparatus  has  been  assembled  for 
measurement  of  the  impact  strength  of  texitile  mate- 
rial' over  a broad  range  of  loading  rates.  Test  speci- 
mens may  be  loaded  by  impact  of  gas  propelled  pro- 
jectile326, Figure  5.11,  engagingithe  rim  of  a rotating 
flywheel  ^Figure  5.12,  a fluid  driven  piston  in  a hy- 
draulic ram.  Figure  5.13,  and  air  pressure  waves  gen- 
erated in  a shock  tube328Figure  5.14.  Tha  apparatus 
illustrated  schematically  in  Fig.  5.11  consists  of  a gas 
gun  and  missile,  two  ballistic  pendulums  and  suitable 
instrumentation.  A round-nosed  missile  weighing 


Figure  5. 12  Pilot-Chute  Bridie  Dynamic  Test 
Apparatus 

between  one-half  and  ten  pounds  is  projected  from 
the  gas  gun  at  the  desired  velocity.  The  projectile 
strikes  the  test  specimen  mounted  on  pendulum  No. 
1 with  sufficient  energy  to  rupture  the  material  at  the 
apex  of  the  "V".  The  projectile  then  continues  to 
pendulum  No.  2 which  absorbs  its  residuals  energy. 
Given  the  masses  of  the  missile  and  of  the  two  pendu- 
lums, the  recorded  displacement  of  the  pendulum  is 
proportional  to  the  energy  absorbed.  The  energy  ab- 
sorbed by  the  test  specimen  is  indicated  by  the  verti- 
cal displacement  of  pendulum  No.  1.  The  residual 
motion  of  the  projectije  and  pendulums,  and  the 
behavior  of  the  test  specimen  during  impact  are  re- 
corded by  a camera  with  illumination  provided  by  a 
mulit-flash  light  source  of  known  frequency. 

Also,  a simple  drop-weight  technique  has  been 
successfully  employed  by  several  investigators  329,330 
to  provide  material  load-elongation  data  under 
dynamic  loading.  The  experiments  in  Ref  ;nce  329 
consisted  of  suspending  the  weight  in  some  raised 
position  (webbing  collapsed  or  bowed)  and  letting 
it  drop.  The  transient  oscillations  in  webbing  force 
were  detected  by  a load  cell  built  into  the  static  web- 
bing connection.  Displacements  of  the  weight  were 
detected  by  a slidearm  arrangement  driving  a LVDT, 
Linear  Variable  Differential  Transformer,  and  a back- 
up potentiometer.  t , 

* 

Air  Permeability.  Several  different  methods  of 
measuring  the  air  permeability  of  fabric  are  in  use. 
The  one  embodied  in  standard  permeometers  design- 


ed to  rr  ure  the  volumetric  through-flow  rate  at  a 
specified  cT'-  rential  pressure,  consists  of  an  electric 
air  blower  and  duct  with  an  orifice  over  which  the 
specimen  is  clamped  (Figure  5.15).  The  U.S.  Stand 
ard  method  measures  flow  in  terms  of  cubic  feet  per 
minute  per  square  foot  of  area  with  Vi-inch  of  water 
pressure-drop  across  the  fabric  specimen.  These  de- 
vices accommodate  cloth  specimens  larger  than  the 
orifice  size,  and  most  accept  complete  parachute 
canopies  for  spot-evaluation  of  the  permeability  or 
nominal  "mechanical  porosity"  at  selected  points 
across  the  fabric  surface. 

Other  more  flexible  permeometer  equipment  is 
used  to  obtain  air  through-flow  measurements  over 
a wide  range  of  differential  pressures  (Figure  5.16) 
and  in  some  cases,  with  the  cloth  subjected  to  both 
mono-  and  bi-axial  loading.  Methods  of  measuring 
the  effective  porosity  of  ribbon  grids  also  have  been 
developed332. 

Coefficient  of  Friction.  Frictional  heating  of  tex- 
tiles during  decelerator  deployment,  cause  local  weak- 
ening of  the  decelerator  structure.  While  such  dam- 
age may  be  slight,  it  sometimes  provides  the  focus  for 
premature  failure  of  the  inflating  canopy  at  a 
sub-design  load. 
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Figure  5. 14  Schematic  of  Pressure  Time  History 
at  an  Arbitrary  Location  Along 
Shock  Tube 


Figure  5.15  The  rrazier  Air  Permeability  Instrument 
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Figure  5.16  Air  Permeability  Apparatus 


The  coefficient  of  sliding  friction  between  two 
fabrics  or  between  fabric  and  other  materials  may  be 
easily  measured  by  the  inclined-plane  apparatus  illus- 
trated in  F^ure  5.17.  One  specimen  is  taped  to  the 
plane  surface  and  the  other  to  a weighed  block.  The 
angie  of  the  inclined  plane  is  increased  until  the  block 
begins  to  slide.  The  coefficient  of  sliding  friction. 
Cf  - tan  <*> 


Figure  5.17  Inclined-Plane  Apparatus  for  Measuring 
Coefficient  of  Sliding  Friction 

Stiffness.  The  relative  stiffness  of  cloth  and  other 
textile  forms  contributes  to  the  overall  stiffness  of 
decelerator  assemblies  resulting  from  the  internal  fric- 
tion of  plied  materials  stitched  together  in  the  seams. 
Since  structural  stiffness  or  resistance  to  bending 


Figure  5. 18  The  Hanging  Loop  Method  of  Measur- 
ing tha  Relative  Stiffness  of  Thin  Flex- 
ible Materials 

modifies  the  shape  of  the  inflated  canopy  it  can  influ- 
ence performance  of  decrlerators  of  heavyweight  con- 
struction aod  of  small  scale  wind  tunnel  models 

A standard  method  (5200) 32'  of  measuring  the 


relative  stiffness  of  textile  materials  >S  illustrated  in 
Figure  5.18.  Each  test  specimen  is  sh^ared  to  form  a 
one-inch  wide  strip  ten  inches  long.  When  the  strip  is 
taped  to  the  horizontal  arm  as  shown,  the  gage  length, 
/'.  of  the  material  droops  to  the  loop  length,  /',  wmch 
is  measured.  Since /'is  inversely  proportional  to  the 
stiffness  of  the  strip,  the  relative  stiffness  of  the 
materia!  may  be  evaluated  as  ft0  = 1 (2/7/1 

. Strength  of  Joints  and  Seams.  Decelerator  sub 
assemblies  and  joint  and  seam  samples  mav  be  sub- 
jected to  strength  tests  in  the  laboratory.  When 
standard  equipment  will  not  accept  the  test  speci- 
mens for  any  reason,  special  test  jigs  and  fixtures  may 
be  assembled  for  the  purpose.  Joint  efficiencies  are 
determined  relative  to  the  strength  of  the  materials 
being  joined,  and,  in  tape  and  webbing  loops,  as  a 
function  of  the  diameter  of  the  retaining  bolt  or  bar 
Test  methods  for  impact  loading  plain  textile  mate- 
rials are  also  used  to  evaluate  seams  and  joints  High 
stress  is  encountered  at  seams  and  reinforcements 
where  changes  in  density  occur.  Each  component 
of  the  textile  assembly  has  a critical  impact  loading 
velocity  above  which  it  will  fail  without  transmitting 
any  load. 

Environmental  Simulation.  Alt  components  mak- 
ing up  a total  flight  system  are  subject  to  various 
environments  throughout  their  operational  employ- 
ment life,  including  logistical  phases  of-  transport, 
storage,  preparation  handling  before  use,  and  retrieval 
or  refurbishment  handling  after  use.  During  flight, 
the  deployable  components  of  a recovery  system 
remain  in  packed  rtatus  until  .initiated  Depending 
upon  the  recover'-  system  application,  exposure  to 
operational  environments  may  range  from  moderate 
conditions  to  unusual  extremes  in  temperature,  humi- 
dity. altitude,  shock,  vibration,  other  components  of 
a recovery  system,  i.e.,  devices  made  of  metal,  glass 
and  rigid  parts  may  be  vulnerable  to  such  environ- 
ments when  induced  by  functioning  rocket  motors, 
aircraft  engines  and  explosive  actuators  Environmen- 
tal test  methods  are  accomplished  with  laboratory 
facilities  in  accordance  with  MIL-STD  810333  The 
apparatus  used  for  conducting  tests  is  available  at 
most  independent  test  laboratories  and  major  indus- 
tries involved  with  aerospace  requirements.  Descrip- 
tions and  characteristics  of  environment  simulating 
equipment  are  readily  available,  so  are  not  included 
herein33* 

Landing  Condition  Simulation.  Simulation  of 
ground  landing  conditions  that  occur  during  the 
impact  phase  of  parachute-retarded  equipment, 
supplies  and  various  types  of  vehicles,  require  a facil- 
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iry  which  can  hoist  the  load  above  the  ground  to  a Air  Force  Flight  Test  Center.  Edwards  Air  Force 

release  height  sufficient  to  provide  at  impact  a desired  ' Base,  California  is  located  100  miles  north  of  Los 
vertical  velocity,  and  usually  means  to  impart  a hori-  Angeles.  The  test  range  is  approximately  5 miles  wide 

zontal  (maximum  wind  drift  or  glide)  velocity334335  by  14  miles  long. The  principal  use  of  the  range  is  the 

A mobile  or  ■ fixed  crane  of  proper  height  and  lift  flight  testing  of  aircraft.  Development  of  parachutes 

capacity  will  satisfy  vertical  velocity  requirements.  and  related  components  through  the  use  of  air  launch 

Horizontal  velocity  has  been  provided  by  more  soph-  and  gravity  drop  testing  techniques  can  be  performed 

isticated  test  structures  employing  an  inclined  rail  on  this  range.  Human  escape  methods,  aerial  speed 

or  pendulum  principle.  retardation  and  landing  of  personnel,  material  equip- 

ment, and  all  aspects  of  recovery,  rescue  and  survival 
__  are  included  in  the  total  scope. 

TEST  FACILITIES  AND  EQUIPMENT  Facilities  for  test  preparation  of  parachutes,  and 

test  vehicles  for  aircraft  launch  are  available.  Various 
Several  test  ranges  exist  within  the  continental  types  of  ground  handling  equipment  and  airborne  test 

United  States  which  are  fully  instrumented  and  have  vehicles  are  in  inventory.  Support  services  provided 

been  used  extensively  for  free  flight  test  operations  of  by  the  base  include  test  vehicle  preparation,  check- 

missiles,  drones,  aircraft  and  other  vehicles,  many  of  out,  parachute  handling  and  test  hardware  retrieval. 

which  employ  recovery  systems.  These  ranges  have  Chase  and  search  airplanes  and  helicopters  are  avail- 

provided  complete  vehicle  systems  testing,  and  in  able.  Optica!  and  photographic  data  are  Acquired  by 

some  cases,  subsystem  or  component  testing  of  decei-  real-time  coordinated  cinetheodolites  and  tracking 

erators  and  other  related  subsystems.  They  are  capa-  motion  picture  cameras:  Other  data  are  obtained 

bie  of  supporting  flight  tests  with  high  performance  with  telemetry.  Photo  processing  and  data  reduction 

aircraft  or  other  launch  means  Most  ranges  have  the  can  be  provided. 

equipment  to  obtain  accurate  trajectory  data  and 

excellent  photographic  coverage  of  a test  vehicle  in  White  Sands  Missile  Range.  The  White  Sands  test 

flight,  recording  such  events  as  deployment  and  complex  is  a combination  of  test  ranges  and  facilities 

behavior  of  a trailing  decelerator  with  real-time  cor-  located  in  south  central  New  Mexico.  The  principal 

relation.  Some  have  laboratory  rest  equipment  and  test  area  is  the  US  Army  White  Sands  Missile  Range 

other  support  testing  capabilities.  with  headquarters  located  60  miles  north  of  El  Paso. 

Wind  tunnels,  normally  used  on  a continuous  basis  Texas.  The  range  is  approximately  40  miles  wide  by 

to  support  aircraft  and  missile  aerodynamic  research  100  miles  in  length,  with  range  area  extensions. 

and  development,  are  usually  available  for  decelerator  (shown  in  Figure  5.19)  which  can  be  placed  under 

tatting.  Those  with  large  cross-sections  or  with  high-  ground  and  airspace  control.  Its  principal  use  is  for 

speed  low-density  air-flow,  have  been  part'culaiiy  missile  and  gunnery  development  by  the  US  Army, 

useful  for  parachute  testing.  but  its  various  drop  range  areas  are  also  used  by  the 

In  this  section,  range  facilities,  testing  equipment  other  armed  services  and  NASA  for  operations  from 

and  ground  based  instrumentation  are  briefly  describ-  their  own  launch  and  test  bases.  The  NASA  White 

ed  which  have  been  used  in  recovery  system  develop-  Sands  Test  Facility,  Fort  Bliss  and  Holloman  Air 
ment-  Force  Base  facilities  greatly  enhance  the  overall 

capability  of  the  White  Sands  test  complex. 

Instrumented  Ranges  Radar,  optics,  weather  data  and  telemetry  are 

Test  range  facilities  and  capabilities  are  identified  coupled  to  a real-time  data  system  with  total  range 

and  summarized  in  Table  5.3.  Only  one  test  range  is  communications  for  data  reduction  purposes,  or  they 

devoted  exclusively  to  recovery  system  research,  devel-  can  be  used  independently  with  the  smaller  area  plot- 

optnent.  test  and  evaluation.  Data  contained  in  the  ting  facilities,  Holloman  Air  Force  Base  is  located 

table  are  general  in  nature,  suitable  only  for  prelimi-'  40  miles  northeast  of  White  Sands  on  the  eastern 

nary  planning  purposes.  A prospective  user  should  border  of  the  range,  and  15  miles  west  of  Alamo- 

contact  the  test  range  for  specific  data  regarding  re-  gordo.  New  Mexico.  Facilities  useful  for  recovery  sys- 

quirements  and  schedules  when  anticipating  use  of  tern  and  decelerator  development  are  rocket  launch 

facilities.  Table  5.3  lists  types  of  recovery  system  areas,  a high  speed  test  track  and  a high  altitude  bal- 

tests  of  test  methods,  and  various  test  support  services  l°°n  launch  facility.  Excellent  work  areas  are  on 

available.  Ground  instrumentation  employed  at  the  band  with  ground  handling  equipment  available  for 

various  ranges  and  other  support  services  are  describ-  most  sizes  of  test  vehicles.  Ample  ground  vehicles, 

ed  starting  on  page  232.  cranes, 'weapons  carriers,  trucks,  airplanei  and  heli- 

copters are  available  for  search  and  retrieval. 
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Figure  S.  19  White  Sands  Test  Complex 

Services  provided  by  the  base  include  well  estab- 
lished explosives  handling  capability.  Optical  and 
photographic  data  are  obtained  on  35.  70 and  170mm 
intermotion  ribbon  frame,  and  35mm  rotating  prism 
cameras,  clnetheodolites,  tracking  telescopes  and  bal- 
listic cameras.  Other  data  acquisition  equipment  are 
radar,  velocimeter  and  telemetry. 

The  balloon  launch  facility  is  managed  by  the  Air 
Force  Geophysics  .Laboratory,  Bedford,  Massachu- 
setts. The  Holloman  Detachment  is  a self-contained 
development  and  support  group  which  has  a remote 
operations  capability  for  performing  flights  wherever 
the  need  may  exist.  In  addition  to  its  own  engineer- 
ing and  support  staff,  the  Holloman  facility  has  a lab- 
oratory and  two  large  assembly  areas,  meteorological 
support  as  welt  as  operating  a command  and  control 
center.  Balloons  are  normally  launched  at  Holloman 
or  at  several  sites  located  on  the  'Vhite  Sands  Missile 
Range. 

£ glin  Gulf  Test  Range.  Eglin  Air  Force  Base  is  sit- 
uated on  the  northern  gulf  coast  of  Florida  60  miles 
east  of  Pensacola.  The  range  extends  south  and  east- 
ward over  the  Gulf  of  Mexico  between  arimuth  130° 
and  100*  as  shown  by  Figure  5.20.  The  principal  use 
of  the  range  is  to  develop  tactical  airborne  equipment 
for  the  US  Air  Force.  Facilities  include  three  usable 
rocket  launchers  plus  an  integrated  blockhouse. 


Launchers  are  limited  to  elevation  angles  not  in  ex- 
cess of  80  or  89°.  Ground  handling  equipment  is 
available  for  boosters  and  test  vehicles.  Boats  provid- 
ed with  special  hoisting  gear  and  retrieval  equipment 
are  available.  Airplanes  and  helicopters  are  also  main- 
tained for  search  operations. 

. Services  provided  by  the  base  include  trained  ex- 
plosive handling  personnel,  trained  boat  crews,  skin 
divers  and  Navy  deep  sea  divers  when  necessary.  Opt- 
ical and  photographic  data  are  acquired  by  real  time 
coordinated  cinetheodolites,  tracking  telescopic  mo- 
tion picture  cameras  and  ballistic  cameras.  Other 
time  based  data  are  obtained  with  radars,  and  tele- 
metry. Boats  and  aircraft  are  equipped  with  radio 
search  receivers. 

Range  safety  requirements  perrr.i  omissior;  of  a 
destruct  system  if  safe  impacts  can  he  predicted  to  a 
minimum  of  3-sigma  dispersion.  Average  yearly  test 
cancellations  are  approximately  10  percent  at  the 
Eglin  range  due  to  weather. 

National  Parachute  Test  Range  This  range  is  loca- 
ted directly  west  and  nor’hwest  of  El  Centro,  Califor- 
nia. The  range  area  includes  two  desert  drop  rones 
and  one  water  drop  rone  at  the  Sal  ton  Sea  as  shown 
by  Figure  5.21  The  principal  function  of  this  range 
is  the  development  of  parachutes,  other  aerodynamic 
deceleration  devices  and  related  recovery  components 
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through  the  use  of  air  launch  and  gravity  drop  testing 
techniques.  Total  scope  includes  human  escape  meth- 
ods, aerial  speed  retardation,  landing  of  personnel, 
materiel  and  equipment,  i.e.,  ail  aspects  of  recovery, 
rescue  and  survival  for  all  branches  of  the  military 
services  and  NASA. 


Figure  5.21  National  Parachute  Tm  Range, 
California 

Facilities  are  provided  for  preparation  and  aircraft 
launch  pf  test  decelerators  .over  desert  or  sea  drop 
zones.  Rocket-launch  and  explosive  handling  facili- 
ties are  not  available  at  this  base.  Ground  handling 
equipment,  search  airplanes  and  helicopters  are  avail- 
able. The  whirl  tower  test  facility  described  on  page 
202  and  a textile  materials  testing  laboratory  are  loca- 
ted on  this  base. 

Services  provided  by  the  base  include  parachute 
handling,  retrieval,  cleaning,  drying,  repair,  modifica- 
tion and  packing.  Optical  and  photographic  data  are 
acquired  by  time  coordinated  cinetheodolites,  and 
tracking  telescopic  motion  picture  cameras.  Other 
data  are  obtained  with  tracking  radar  telemetry. 
Photo  processing  and  limited  data  reduction  can  be 
provided. 

The  materials  laboratory  is  equipped  with  a full 
line  of  textile  testing  machines  including  5,000-lbs, 


20.000- lbs  and  25,000-lbs  capacity  machines.  The 

125.000- lbs  mar.Mnc  is  designed  for  testing  webbing 
and  has  the  travel  capacity  for  high  elongation  mate- 
rials. Other  equipment  includes  an  Instron  tensile 
tester,  Elmendorf  tear  tester,  Shiefer  abrasion  tester, 
air  permeability  testers,  weatherometer  and  altitude- 
temperature-humidity  chambers. 


Tonopah  Test  Range.  This  range  is  624  miles  in 
area  located  approximately  170  miles  northwest  of 
Las  Vegas,  Nevada.  It  is  operated  for  the  U.S.  Defense 
Nuclear  Authority  (DNA)  by  Sandia  Laboratories. 
The  range  provides  non-nuclear  test  and  data  acquisi- 
tion for  weapons  development  and  other  DNA  activi- 
ties. Facilities  are  available  for  preparation  and  launch 
of  single  and  multi-stage  rockets  as  well  as  free-fall 
and  related  drops  from  subsonic  and  supersonic  air- 
craft. 336 


Optical  and  photographic  coverage  are  provided  by 
means  of  cinetheodolites  and  tracking  telescopes. 
Further  support  in  data  acquisition  is  obtained  with 
radar  tracking  and  telemetry  systems.  Facilities  and 
services  are  available  to  other  government  agencies 
and  contractors  on  the  basis  of  non-interference  with 
DNA  programs. 


U.  S.  Army  Yuma  Proving  Ground.  The  facilities 
and  mairt  base  are  located  14  miles  northeast  of 
Yuma,  Arizona.  The  principal  use  of  the  range  is  to 
support  development  testing  of  air  delivery  and  air 
movable  equipment,  including  aerial  retardation  and 
airdrop.  There  are  three  instrumented  land  drop 
zones  and  a water  zone  available.  A controlled  im- 
pact test  facility  is  located  adjacent  to  the  Laguna 
Army  Air  Field  as  are  facilities  for  parachute  fabrir 
cation,  maintenance,  packing  and  rigging.  Range 
instrumentation  includes  telemetry,  radar,  cinetheo- 
dolites, photegraphy,  television  and  laser  tracking 
equipment  wf  ich  are  deployed  as  required  for  each 
test  series. 

Dugway  Proving  Ground.  Aircraft  stationed  at 
Hill  Air  Fores  Base,  Utah  operate  over  the  proving 
ground  range  area  in  development  of  midair  retrieval 
recovery  systems.  Crews  trained  in  midair  retrieval 
techniqiies  maintain  their  capability  by  practicing 
intercepts  on  parachuted  descent  loads  on  a periodic 
basis.  Retrietal  gear  equipped  C-130  aircraft  and  HH- 
3 and  HH-34  Helicopters  and  crews. 
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TABLE  5.3  DECELERATOR  TESTING,  PRINCIPAL  FACILITIES  AND  CAPABILITIES 


Range 


Types  of  Tests 


Test  Support  Services 


Air  Force  Flight  Test  Center 
(Edwards  Air  Force  Base) 
Lancaster,  California 

Control  Agency:  USAF 
Range  Size:  5 mi  x 14  mi 


A/C  Drops 
A/C  Tow 
A/C  Flight 


Telemetry,  Cinetheodolites,  Telescopic  tracking 
cameras.  Ground-to-air  movie  cameras.  Video 
recording  and  playback,  Rawinsonde,  Data 
reduction,  Photo  processing  laboratory.  Space 
positioning  on  test  range,  I RIG  timing  system 


White  Sands  Missile  Range 
(integrated) 

White  Sands  Missile  Rahge,  N.M. 
Control  Agency:  US  Army 
Range  Size:  40  mi  x 100  mi 

Holloman  Air  Force  Base 
Alamogordo,  New  Mexico 


A/C  Drops 
A/C  Tow 
Balloon  Launch 
Sled  Tow 
Sled  Launch 
Ground  Launch 


Telemetry,  Cinetheodolites.  Teletzopic  tracking 
cameras.  Ground-to-air  movie  cameras.  Video 
recording  and  playback,  Rawinsonde,  Radar 
tracking.  Documentary  movie-  (16mm),  IRIG 
timing  system 


Eglin  Gulf  Test  Range 
Eglin  Air  Force  Base, 

Florida 

Control  Agency:  USAF 

Range  Size:  200  mi  x 500  mi 
over  water. 


A/C  Drops 
A/C  Tow 
Ground  Launch 


Telemetry,  Cinetheodolites,  Telescopic  tracking 
Rawinsonde,  Data  reduction,  Ground-to-air 
movie  cameras.  Photo  processing  laboratory. 
IRIG  timing  system 


National  Parachute  Test  Range 
(integrated) 

El  Centro,  California 

Control  Agency:  DoD  . 

A/C  Drops 

A/C  Tow 

Personnel 

Whirl  Tower 

Range  Size:  6 mi  x 14  mi  (land), 

5 mi  x 10  mi  (water) 

Naval  Weapons  Center 

' Sled  Tow 

China  Lake,  California 

Sled  Launch 

Control  Agency:  USN 

A/C  Launch 

Range  Size:  30  mi  x 40  mi 

Ballistics 

Tonopah  Test  Range 

A/C  Drops 

Tonopah,  Nevada 

A/C  Tow 

Control  Agency:  DNA 

Range  Size:  10  mi  x 25  mi 

Ground  Launch 

Yuma  Proving  Ground 

Yuma,  Arizona 

A/C  Drops 

Personnel 

Control  Agency  US  Army 

Telemetry,  Cinetheodolites,  Telescopic  tracking 
cameras.  Ground-to-air  movie  cameras.  Video 
recording  and  playback,  Rawinsonde,  Radar 
tracking.  Laser  (Range  Mode),  Parachute  drying 
tower.  Packing  and  fabrication  laboratory,  Data 
reduction,  Photo  laboratory.  Space  positioning 
on  test  range,  IRIG  timing  system 

Telemetry,  Cinetheodolites.  Telescopic  trackihg 
cameras.  Ground-to-air  movie  cameras.  Video 
recording  and  playback.  Radar  tracking,  Data 
reduction.  Photo  laboratory.  Space  positioning 
on  track  range,  IRIG  timing  system 

Telemetry,  Cinetheodolite,  Telescopic  tracking 
cameras (35mm),  Video  recording  and  playback, 
Rawinsonde,  Radar  tracking,'  Documentary 
photography  (16mm) 


Telemetry,  Cinetheodolites,  Telescopic  tracking 
cameras.  Video  recording  and  playback.  Laser 
tracking 


f 


Ballistic  Ranges.  Ballistic  test  facilities  are  used 
primarily  for  aerophysics  research  including  the  meas- 
urement of  shock  patterns,  wake  variations  and  aero- 
dynamic stability  characteristics  of  very  small-scale 
bodies.  Their  use  for  decelerator  research  is  quite 
limited  but  suitable  for  special  detail  information  of 
decelerators  at  hyper-velocity  conditions.  Detail  in- 
formation on  the  capabilities  and  addresses  of  a 
number  of  ballistic  ranges  in  the  United  States  and 
foreign  countries  can  be  found  in  Reference  337. 

High  Speed  Sled  Tracks 

Track  facilities334  are  used  to  simulate  flight  tra- 
jectories under  accurately  programmed,  closely 
controlled,  and  rigorously  monitored  conditions.  In 
effect,  the  track  can  be  used  as  a giant  outdoor  wind 
tunnel  making  possible  many  experiments  not  pos- 
sible in  conventional  facilities. 


Figure  5.22  Seat  Ejection  Test  on  High  Speed  Test 
Track 

Holloman  High  Speed  Test  Track.  The  track  facili- 
ty is  operated  by  the  6585th  Test  Group  at  Holloman 
AFB.  fJew  Mexico.  The  50,788  feet  long  track  is  the 
longest  dual  rail  precisely  aligned  and  instrumented 
facility  of  its  kind.  The  test  item  and  instrumenta- 
tion are  moved  along  a straight  line, path  by  rocket 
sleds.  Sled  speeds  up  to  7000  fps  (Mach  6)  are  attain- 
ed on  a routine  basis.  Depending  upon  mission  re- 
quirements payloads  range  from  100  pounds  to 
30,000  pounds.  A majority  of  recovery  oriented 


Figure  5.23  High  Speed  Decelerator-  Tow  Sled 

track  tests  have  been  for  ejection  system  develop- 
ment, Figure  5.22,  but  sled  vehicles  suitable  for  tow- 
ing decelerators  are  also  available  at  Holloman.  Fig- 
ure 5.23  shows  a test  sled  capable  of  Mach  3 speed 
and  100,000  lbs  test  load  with  the  decelerator  attach- 
ment point  7 feet  above  the  rails.  Other  sleds  good 
for  Mach  1.5  are  available  with  decelerator  attach- 
ments 10  feet  and  15  feet  above  the  rails. 

Sleds  travel  on  a set  of  heavy  duty  crane  rails 
spaced  seven  feet  apart  on  a foundation  designed  to 
resist  vertical  (down)  loads  of  70,000  pounds  per 
slipper  on  any  two  slippers.  Water  is  used  to  deceler- 
ate and  stop  the  test  sled  at  the  conclusion  of  a run. 
A water  trough  60-inches  by  14-inches  is  located  be- 
tween the  rails.  For  every  130-inch  interval  over  the 
entire  length  of  the  track,  there  is  a holding  fixture 
into  which  a frangible  dam  can  be  inserted.  Water  in 
the  trough  between  dams  is  picked  up  by  a scoop 
mounted  on  the  sled  to  decelerate  the  test  vehicle. 


NWC  Supersonic  Research  Tracks.  Three  separ- 
ate test  tracks  are  used  at  the  Naval  Weapons  Center, 
China  Lake,  California55®  They  differ  essentially  in 
their  length,  weight  capability,  precision  of  align- 
ment, degree  of  instrumentation  and  method  of  sled 
braking. 

The  major  portion  of  test  work  is  carried  out  on 
the  Supersonic  Naval  Ordnance  Research  Track 
(SNORT),  but  the  B-4  transonic  and  G-4  terminal  and 
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ballistics  test  tracks  and  special  purpose  areas,  provide 
a high  degree  of  diversification. 

Sandia  Track.  The  test  track  is  located  at  Kin- 
land  Air  Force  Base,  Albuquerque,  New  Mexico.  The 
5000  feet  long,  dual  rail  22-inch  gauge  track  is  opera- 
ted by  Sandia  Laboratories  for  the  Air  Force  Special 
Weapons  Center  and  is  available  for  use  on  other  gov- 
ernment programs  on  a non-interference  basis.  Maxi- 
mum test  velocity,  where  the  sled  is  stopped  at  the 
track  end  by  water  brake,  is  approximately  4000  feet 
per  second.  An  upward  2-degree  ramp  in  the  last  300 
feet  of  track  permits  a velocity  up  to  6000  feet  per 
second  to  be  attained  with  the  sled  leaving  the  end  of 
the  track.  Laser  controlled  tracking  gives  well  center- 
ed high  speed  motion  picture  coverage  of  the  test 
item  and  provides  accurate  space  position,  velocity 
and  acceleiation  data  within  a few  minutes  after  the 
test.  High  speed  strip  cameras,  placed  along  the  track 
give  excellent  sequence  coverage  of  test  article  mo- 
tion and  behavior.  In  addition  to  tow  testing,  vehicles 
weighing  up  to  2200  lbs  may  be  ejected  upward 
from  the  sled  to  obtain  free  flight  data. 

SMART  Track,  Hurricane  Mesa,  Utah.  A dual 
track  of  12,000  feet  long  is  located  atop  Hurricane 
Mesa.  Utah.  The  track  which  is  operated  for  the 
USAF  by  Stanley  Aviation  Company  can  be  used  to 
eject  vehicles  such  as  ejection  seats  and  escape  cap- 
sules over  a 3000  foot  cliff.  A water  brake  is  avail- 
able. However,  to  achieve  maximum  test  velocities, 
the  sled  also  goes  over  the  cliff  and  is  recove’ ed  by 
parachutei 

Wind  Tunnels 

cQO 

An  inventory  of  aeronautical  ground  research 
facilities  includes  a long  list  of  wind  tunnels  suitable 
for  aerodynamic  decelerator  testing.  Table  5.4  lists 
subsonic  tunnels  and  Table  5.5  lists  transonic'  and 
supersonic  tunnels  that  are  representative  and  have 
been  useful  in  parachute  and  decelerator  develop- 
ment. The  first  two  tunnels  in  Table  5.4  are  of  the 
vertical  flow  type.  All  others  are  horizontal,  closed 
circuit,  continuous  flow  tunnels.  Although  the  tables 
list  only  government  owned  tunnel  facilities,  there  are 
a number  of  industrial  and  institutional  wind  tunnels 
available  B®°that  can  provide  conditions  for  decelera- 
tor research  and  development  testing. 

Low  Speed  Air  Flow  Test  Facilities.  Parachute 
characteristics  of  drag,  stability,  inflated  shape  and 
lift  to  drag  ratio  under  steady  state  conditions  (and 
infinite  mass  load)  can  be  studied  with  accurate 
results  in  subsonic  wind  tunnels.  The  deployment 


process,  in  which  drag  and  shape  grow  rapidly,  has 
also  been  studied,  but  with  limited  useful  data  obtain- 
ed. Best  utility  of  subsonic  wind  tunnels  appears  to 
be  for  investigation  of  characteristics  related  to  speci- 
fic needs,  to  be  followed  eventually  by  free-flight 
tests  for  verification.  Large  scale  models  provide  data 
which  agree  more  closely  with  final  performance. 
Therefore  large  area  tunnels  are  especially  desirable 
for  parachute  testing.  Subsonic  tunnel  facilities  are 
described  in  the  following  paragraphs. 

AFFDL  Vertical  Wind  Tunnel.  This  facility,  loca- 
ted at  Wright-Patterson  AFB,  Ohio,  is  a vertical, 
atmospheric,  annular  return,  continuous  flow  type 
wind  tunnel  with  a 12-foot  free  jet.  The  air  is  drawn 
pp  through  the  12-foot  long  test  section  by  a four 
bladed  fan,  16-feet  in  diameter.  The  tunnel  is  power- 
ed by  a variable  rpm  1000  hp  main  drive. 

The  wind  tunnel  is  used  to  determine  the  drag  and 
stability  characteristics  of  parachutes,'  rotary  type 
decelerators  and  primary  vehicles  with  and  without 
augmenting  drag  devices,  and  to  investigate  the  spin 
and  recovery  characteristics  of  flight  vehicles.  The 
tunnel  is  equipped  with  a gauss  ring  to  magnetically 
actuate  spin-recovery  control  surface  deflections  on 
the  model.  A sting  balance,  capable  of  six-component 
measurements,  is  available  which  may  be  affixed  to  a 
support  structure  downstream  of  the  nozzle.  The 
support  structure  can  provide  remote  control  of  the 
sting  in  pitch,  roll  and  yaw.  Motion  picture  and  still 
photographic  coverage  of  tests  are  available.  A twelve 
channel  analog  to  digital  data  acquisition  system  is 
used  to  record  model  force  and  moment  data,  model 
positioning  and  airspeed  in  the  test  section.  Data 
reduction  is  accomplished  off  site. 

NASA  Langley  Spin  Tunnel.  This  facility,  located 
at  Hampton,  Virginia,  is  a free-spin  tunnel  with  a 
closed  throat  and  an  annular  return  passage.  The  ver- 
tical test  section  has  12  sides  and  is  20  feet  across  the 
flats  by  25  feet  high.  The  te*.t  medium  is  air.  The 
turbulence  factor  is  2.  Tunnel  speed  is  variable  from 
0 to  90  fps  with  accelerations  to  15  ft/sec*.  This 
facility  is  powered  by  a 1300  hp  main  drive. 

The  tunnel  is  used  to  investigate  spin  characteris- 
tics of  dynamically  scaled  models.  A gauss  ring  sur- 
rounding the  test  section  is  used  to  actuate  spin- 
recovery  control  settings.  Force  and  moment  testing 
is  performed  using  a gooseneck  rotary  arm  model 
support  which  permits  angles  of  attack  cid  sideslip 
from  0 to  360®  to  be  set.  Data  recording  consists  of 
motion  pictures. 

NASA  Ames  40-Foot  by  80-Foot  Subsonic  Wind 
Tunnel.  This  facilitiy,  located  at  Moffett  Field,  Cali- 
fornia, is  a large,  subsonic,  closed  circuit,  single  return, 
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TABLE  5.4 


SUBSONIC  WIND  TUNNELS 


Facility  Name 
Organization 
Location 

Type  of  Facility 
Type  of  Throat 

Test  Section 

Size 

(ft) 

Mach 

Range 

Reynolds 

Number 

(106/ft) 

Total 

Temp 

(°R) 

Dynamic 

Pressure 

(psf) 

AFFDL 

Vertical  Wind  Tunnel 

Wright-Patterson  AFB, 
Ohio 

Annular  return, 
continuous  flow, 
open  throat 

12  dia.  x 12 

0 

to 

.14 

0 

to 

.91 

Ambient 

0 

to 

26 

NASA  Langley 

Spin  Tunnel 

Hampton,  Virginia 

Annular  return, 
continuous  flow, 
closed  throat 

25x20 

' 0 
to 
.08 

0 

to 

.62 

Ambient 

0 

to 

10 

NASA  Ames 

40-foot  by  80-foot 
Subsonic  Wind  Tunnel 
Moffett  Field,  Calif. 

Closed  circuit, 
single  return, 
continuous  flow, 
closed  throat 

40x80 

0 

to 

.3 

0 

to 

.21 

Ambient 

to 

600 

0 

to 

138 

NASA  Langley 

Full  Scale  Tunnel 

Hampton,  Virginia 

Closed  circuit, 
double  return, 
continuous  flow, 
open  throat 

30  x 60  x 56 

0 

to 

.14 

0 

to 

1.0 

Ambient 

0 

to 

30. 

NASA  Langley 

V/STOL  Transition 
Research  Wind  Tunnel 

Hampton,  Virginia 

Closed  circuit, 
single  return, 
continuous  flow, 
closed  throat 

14.5  x 21.75x50 

0 

to 

.32 

0 

to 

.55 

Ambient 

0 

to 

135 

NASA  Ames 

7-foot  by  10-foot 
Subsonic  Wind  Tunnel 
Moffett  Field,  Calif. 

Closed  circuit, 
single  return,  . 
continuous  flow, 
closed  throat 

7x  10  x 15 

0 

to 

.33 

.0 

1 to 
.23 

Ambient 

0 

to 

210 

NASA  Langley 

High  Speed  7-foot 
by  10-foot  Tunnel 
Hampton,  Virginia 

Closed  circuit 
single  return, 
continuous  flow, 
closed  throat 

6.6  x 9.6  x 10 

.2 

to 

.9 

.1 

to 

3.2 

490 

to 

620 

200 

to 

750 

NASA  Ames 

12-foot  Pressure  Tunnel 

Moffett  Field,  Calif. 

Closed  circuit, ' 
single  return, 
variable  density,  > 
closed  throat 

11.3  dia.  x 18 

0 

to 

.98 

0 

to 

9.0 

500 

to 

625 

50 

to 

600 

atmospheric  wind  tunnel.  The  test  section  is  40  by 
80  feet.  The  tunnel  has  a contraction  ratio  of  8 to  1 . 
The  air  is  driven  by  six  40-foot-diameter  fans,  each 
powered  by  a 6000-horsepower  electric  motor.  The 
speed  of  the  airflow  through  the  test  section  is  con- 
tinuously variable  from  zero  to  the  maximum. 

The  tunnel  is  used  primarily  for  testing  the  low 
speed  characteristics  of  high-performance  aircraft  and 
spacecraft,  and  for  testing  V/STOL  aircraft  and  rotor- 
craft.  This  facility  has  been  found  to  be  particularly 
useful  for  research  and  development  testing  of  large 
scale  gliding  parachutes.  A conventional  support- 
strut  system  and  a set  of  variable-height  struts  are 
available  for  studying  the  effects  of  ground  proxi- 
mity. Data  are  recorded  on:  Tunnel  scale  system 
(digital)  10  channels,  Auxiliary  data  (digital)  480 
channels,  Analog  tape  14  channels  and  reduced  site 
with  cards  read  into  computer. 

NASA  Langley  Full-Scale  Tunnel.  This  facility, 
located  at  Hampton,  Virginia,  is  a continuous  flow, 
double  return,  open  throat  type  tunnel.  The  test 
section  is  30  feet  by  60  feet  by  56  feet.  Airspeed 
range  is  from  25  to  1 10  mph  in  24  steps.  A separate 
speed  control  is  available  permitting  a continuous  air- 
speed variation  from  0 to  approximately  40  mph. 
This  facility  is  powered  by  an  8000  hp  main  drive. 

The  tunnel  is  equipped  for  free-flight  dynamic 
model  studies,  and  shielded  struts  are  available  for 
model  support.  A reflection  plane  floor  42  feet  wide 
and  32  feet  long  can  be  installed  for  full  scale  semi- 
span wing  investigations.  Data  are  recorded  with  60 
channels  on  a data  acquisition  sys’jm  and  reduced  off 
site.  This  facility  can  accomo  ate  models  up  to  40 
foot  wingspan  and  weighing  V.,,000  pounds. 

NASA  Langley  V/STOL  Transition  Research  Wind 
Tunnel.  This  is  a clcsea  circuit,  single  return,  contin- 
uous flow  atmospheric  type  V/STOL  tunnel.  The 
test  section  is  14.5  feet  high  by  21.75  feet  wide  by  50 
feet  long,  which  can  be  operated  as  a closed  tunnel 
with  slotted  walls  or  as  one  or  more  open  configura- 
tions by  removing  the  side  walls  and  ceiling.  The 
speed  is  variable  from  0 to  200  knots.  This  tunnel 
has  a contraction  ratio  of  9 to  1,  The  facility  is 
powered  by  an  8000  hp  main  drive. 

This  tunnel  is  capable  of  force,  moment  and  press- 
ure studies  of  full  span  and  semispan  powered  and  un- 
powered V/STOL,  parawing  and  ground  transport 
models.  A moving  belt  ground  board  with  boundary 
layer  suction  and  variable  speed  capabilities  for  opera- 
tion at  test  section  flow  velocities  can  be  installed  for 
ground  effects  tests.  A universal  model  support  sys- 
tem utilizes  a three  joint  rotary  sting  with  ±45°  of 
pitch,  ±45°  of  yaw  and  a point  of  vertical  traverse. 
This  system  is  mounted  on  horizontal  turntable  with 


±165°  of  rotation.  D<.ta  are  recorded  with  60  chan- 
nels and  reduced  off  site. 

NASA  Ames  7-Foot  by  10-Foot  Subsonic  Wind 
Tunnel.  This  tunnel  is  a closed  circuit,  single  return, 
atmospheric  facility  powered  by  a variable  speed, 
1800  hp  motor  which  drives  a fixeo  pitch  fen.  The 
tunnel  has  a rectangular  test  section  7 feet  high,  10 
feet  wide  and  15  feet  long  and  a contraction  ratio  of 
14.14  to  1. 

The  tunnel  is  capable  of  most  aerodynamic  type 
tests,  2-D  airfoils,  jet  flap  models  and  V/STOL 
models  with  scaled  propulsion  units.  This  tunnel  can 
accommodate  two-dimensional  models  spanning  the 
tunnel  height  with  supports  at  both  floor  and  ceiling 
and  three-dimensional  models  which  can  be  support- 
ed by  one  vertical  strut.  Continuous  angle  of  attack 
variation  from  0°  to  ± 180°  is  available.  Data  are 
recorded  on  tapes,  mechanically  printed  (6  channels), 
and  the  cards  are  then  read  into  a computer  at  the 
computing  center.  , 

NASA  Langley  High  Speed  7-Foot  by  10:Foot 
Tunnel.  This  is  a closed  circuit,  single  return,  contin- 
uous flow,  atmospheric  type  tunnel.  The  test  section 
is  6.6  feet  wide  by  9.6  feet  high  by  10  feet  long.  The 
tunnel  is  cooled  by  an  air  exchange  system  which 
introduces  filtered  atmospheric  air  into  the  diffuser  a 
short  distance  downstream  from  the  test  section.  A 
series  of  four  turbulence  damping  screens  of  16-mesh 
wire  is  installed  in  the  settling  chamber.  This  facility 
is  powered  by  a 14,000  hp  main  drive. 

The  facility  is  used  for  static  and  dynamic  studies 
of  the  aerodynamic  characteristics  of  aircraft  and 
spacecraft.  Model  mounting  consists  of  sting  support 
system,  forced  oscillation  apparatus,  and  sidewall 
turntable.  Only  a limited  amount  of  dynamic  data 
instrumentation  is  available.  Closed  circuit  television 
is  available  for  monitoring  tests. 

NASA  Ames  12-Foot  Pressure  Tunnel.  This  is  a 
closed  circuit,  continuous  flow,  single  return,  variable 
density,  low  turbulence  tunnel  that  operates  at  sub- 
sonic speeds  up  to  slightly  less  than  Mach  1.0.  The 
wind  tunnel  is  powered  by  a two-state,  axial-flow  fan 
driven  by  electric  motors  totaling  12,000  horsepower. 
Airspeed  in  the  test  section  is  controlled  by  variation 
of  the  rotational  speed  of  the  fan.  The  test  section  is 
11.3  feet  in  diameter  and  is  18- feet  long.  Eight  fine- 
mesh  screens  in  the  settling  chamber,  together  with 
the  large  contraction  ratio  of  25  to  1,  provide  an  air- 
stream  of  exceptionally  low  turbulence. 

The  facility  is  used  for  testing  force  and  moment, 
pressure,  and  dynamic  stability.  This  tunnel  is  well 
suited  for  research  on  missile  ground-wind  Iqads.  An 
external  balance  and  internal  strain -gage  balances  are 


available.  Ground  plane  and  semispan  mounting  are 
available  with  turntable  movement  of  ±20°.  A special 
mounting  drive  system  is  available  tor  high  angle  of 
attack.  There  are  no  facilities  for  schlieren  or  shadow- 
graph flow  visualization,  but  motion  pictures  of  the 
test  may  be  taken.  Data  are  recorded  on  a Beckman 
210  medium  speed  recorder  and  processed  through  a 
centrally  located  Honeywell  H-800  computer  system. 

High  Speed  Air  Flow  Test  Facilities.  Decelerators 
which  deploy  and  operate  at  supersonic  speeds  are 
usually  drogue  units  followed  by  larger  staged  para- 
chutes which  operate  subsonically,  or  those  that  de- 
ploy and  operate  supersonically  in  low  density  atmos- 
phere. Tunnel  facilities  are  available  with  variable 
density  and  controlied  temperature  air.  Transonic, 
supersonic  and  hypersonic  tunnels  are  available  as  Air 
Force  facilities  at  the  Arnold  Engineering  Develop- 
ment Center,  Tennessee.  Reference  561  provides 
more  extensive  information  relative  to  the  capability 
and  use  of  AEDC  facilities. 

AEDC  PWT  16  Foot  Transonic  and  Supersonic 
Tunnels.  The  PWT  16-ft  Transonic  Tunnel  (Propulsion 
Wind  Tunnel,  Transonic  (16T))  is  a continuous-flow 
closed-circuit  tunnel  capable  of  operation  within  a 
Mach  number  range  of  0.20  to  1 .60.  The  tunnel  can 
be  operated  within  a stagnation  pressure  range  of  120 
to  4000  psfa  depending  upon  the  Mach  number.  The 
stagnation  temperature  can  be  varied  from  an  average 
minimum  of  about  80  to  a ■ maximum  of  160°F  as  a 
function  of  cooling  water  temperature.  Using  a 
special  cooling  system  of  mineial  spirits,  liquid  nitro- 
gen, and  liquid  air,  the  stagnation  temperature  range 
can  be  varied  from +30  to -30°  F. 

The  PWT  16-ft  supersonic  tunnel  (Propulsion  Wind 
Tunnel,  Supersonic  (16S))  is  a continuous  flow  closed 
circuit  tunnel  designed  to  operate  within  a Mach 
number  range  of , 1 .5  to  6.0.  The  1 6S  has  been  opera- 
ted at  Mach  numbers  from  1.50  to  4.75.  Mach  num- 
bers above  3.4  require  operation  of  the  main  drive 
and  PES  compressors  in  series.  The  plant  configura- 
tion changes  required  for  this  series  operation  must 
be  made  with  the  tunnel  operating  and  use  a signifi- 
cant amount  of  test  time  to  accomplish.  Test  pro- 
grams that  requ  'e  Mach  numbers  greater  than  3.4 
should  anticipate  the  change  in  productivity  that 
accompanies  such  operation. 

The  testing  of  large-scale  aerodynamic  models 
and  full-scale  air-breathing  or  rocket  propulsion  sys- 
tems is  possible  in  Tunnel  16T  at  Mach  numbers 
from  0.20  to  1.60  and  at  altitudes  from  sea  level  to 
about  90,000  ft  and  in  Tunnel  16S  at  Mach  numbers 
from  1.50  to  4.75  at  altitudes  from  about  50,000  to 
approximately  150,000  ft.  (Tunnel  16S  is  temporar- 


ily limited  to  maximum  of  M = 2.4  and  about 
110,000ft.) 

The  ability  to  control  Mach  number,  altitude  and 
temperature  independently  makes  it  possible  to  con- 
duct aerodynamic  and  propulsion  investigations 
under  conditions  closely  approximating  those  of  free 
flight. 

Because  of  'heir  targe  size,  the  PWT  16-ft  tunnels 
are  quite  adap  :able  to  the  testing  of  many  full-scale 
decelerator  devices.  Parachutes  or  decelerators  up  to 
about  five  feet  in  diametercan  be  deployed  without 
any  appreciable  change  in  tunnel  conditions.  Larger 
parachutes  can  be  tested;  however,  the  available 
ranges  of  tunnel  parameters  may  be  compromised. 

AEDC,  Von  Karman  Facility  Supersonic  Wind 
Tunnel  A.  Tunnel  A is  a 40  by  40-in.,  continuous 
closed-circuit,  variable  density,  supersonic  wind  tun- 
nel with  a Mach  number  range  of  1 .5  to  6. 

The  tunnel  is  served  by  the  main  compressor  sys- 
tem which  provides  a wide  range  of  mass  flows  and 
stagnation  pressures  up  to  a maximum  of  200  psia. 
Incorporation  of  the  high-pressure  reservoir  and 
vacuum  sphere  provides  rapid  changes  of  pressure 
level  required  for  different  test  points,  thus  permit- 
ting maximum  tunnel  utilization. 

The  primary  model  support  is  housed  in  a tank 
directly  underneath  the  test  section.  The  model  sup- 
port is  injected  into  the  test  section  and  translated 
upstream  to  the  test  area.  Upon  concluding  the  test, 
the  model  support  is  retracted  in  a similar  manner. 
The  tank  is  sealed  from  the  test  section  and  vented  to 
atmosphere  while  the  tunnel  is  running  to  allow 
access  to  the  model  and  model  support.  After  the 
desired  model  change  or  modification,  the  tank  is 
vented  to  the  test  section,  the  doors  separating  the 
tank  and  test  section  are  opened,  and  the. model  is 
injected  into  the.airstream  and  translated  forward  to 
the  test  position.  The  minimum  time  required  for 
injecting  the  model  is  8 sec.  and  translating  forward  8 
sec.  for  a total  time  of  16  sec.  Time  required  for 
retracting  is  approximately  the  same. 

Models  are  generally  supported  from  the  rear  by 
stings  which  attach  to  the  roll  sting  hub,  or  adapter 
hub,  mounted  on  top  of  the  single-ended  support 
strut.  The  support  system  will  accommodate  a verti- 
cal load  of  3500  lb  or  a horizontal  load  of  1500  lb 
applied  at  the  nominal  model  center  of  rotation  and  a 
maximum  resultant  force  of  3800  lb. 

Models  may  be  tested  in  free  flight  to  obtain  drag, 
damping,  pitching-moment  rate,  and  base  pressure 
data  that  are  free  of  interference  sometimes  present 
because  of  the  model  support  system.  To  achieve 
free  flight,  models  are  launched  upstream  in  the  test 
section  with  a pneumatic  launcher.  The  launcher 
may  be  retracted  into  the  test  section  tank  for  reload- 


u 
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ing  and  launching  models  while  the  tunnel  is  running  available,  but  vibration  generally  precludes  fine  defi- 

continuously.  The  test  model  size  is  somewhat  un-  nition.  Data  are  recorded  on  a Beckman  210  medium  < 

restricted;  however,  typical  models  are  on  the  order  speed  recorder  and  processed  through  a centrally  j 

of  6 to  10  inc'i  in  length.  Models  weighing  up  to  2.5  located  Honeywell  H-800  computer  system.  j 

lb  may  be  launched  at  velocities  op  to  100  ft/sec.  , \ 


NASA  Langley  16-Foot  Transonic  Tunnel.  This  is 
a closed  circuit,  single  return,  continuous  flow,  at-' 
mospheric  tunnel.  Speeds  up  to  Mach  1.05  are  obtain- 
ed with  a combination  of  main  drive  and  test-section 
plenum  suction.  The  slotted  octagonal  test  section 
nominally  measures  15.5  feet  across  the  flats.  The 
test  section  length  is  22  feet  for  speeds  up  to  Mach 
1 .0  and  8 feet  for  speeds  above  Mach  1 .0.  The  tunnel 
is  equipped  with  an  air  exchanger  with  adjustable  in- 
take and  exit  vanes  to  provide  some  temperature 
control.  This  facility  has  a main  drive  of  60,000  hp. 
A 36,000  hp  compressor  provides  test  section  plenum 
suction. 

The  tunnel  is  used  tor  force,- moment,  pressure, 
and  propulsion-air-frame  integration  studies.  Model 
mounting  consists  of  sting,  sting-strut,  and  fixed  strut 
arrangements.  Propulsion  simulation  studies  can  be 
made  for  hot  jet  exhaust  utilizing  decomposition  of 
hydrogen  peroxide  or  using  dry,  cold  high  pressure 
air.  The  high  pressure  (15  Ib/sec  at  1000  psi)  air  sys- 
tem and  model  mounting  apparatus  is  compatible 
with  identical  systems  in  the  Langley  4 by  4-foot 
supersonic  pressure  tunnel  and  ground  test  stand.  A 
shadowgraph  system  is  available  for  flow  visualiza- 
tion. Data  are  recorded  with  99  channels  on  a Beck- 
man 210  and  reduced  off-site  with  a CDC  6600  com- 
puter system. 


NASA  Ames  14-Foot  Transonic  Wind  Tunnel. 
This  tunnel  was  created  by  extensive  modification  of 
the  former  16-foot  diameter  high  speed  tunnel.  It  is  a 
closed  circuit,  single  return,  continuous  flow,  atmos- 
pheric type  tunnel.  The  test  section  is  slotted  and  is 
13Jj  feet  by  13.9  feet  by  33.75  feet.  The  nozzle  has 
adjustable,  flexible  walls.  Air  temperature  in  the 
tunnel  is  controlled  by  an  air  exchanger.  The  tunnel 
air  is  driven  by  a three-stage,  axial-flow  compressor 
pov/ered  by  three  electric  motors  mounted  in  tandem 
outjside  the  wind  tunnel.  The  drive  system  is  rated 
11Ci,000  horsepower  continuously  or  132,000  norse- 
povrer  for  one  hour.  The  speed  of  the  motors  is  con- 
tinuously variable  over  the  operating  range. 

:or  conventional,  steady-state  tests,  models  are 
generally  supported  on  a sting.  Internal  strain  gage 
balances  are  used  for  measuring  forces  and  moments. 
Facilities  for  measuring  multiple  steady  or  rapidly 
fluctuating  pressure  are  available.  For  tests  involving 
aer  astructural  dynamics,  model  shakers  with  hydrau- 
lic power  supply  and  appropriate  readout  facilities  are 
available.  A schlieren  system  for  flow  visualization  is 


NASA  Ames  11-Foot  Transonic  Tunnel  (unitary). 

This  tunnel  is  the  transonic  leg  of  the  Ames  Unitary 
facility.  It  is  a closed  circuit,  single  return,  contin- 
uous flow,  variable-density  tunnel.  The  11  by  11  by 
22  foot  test  section  is  slotted  to  permit  transonic  test- 
ing. The  nozzle  has  adjustable  sidewalls.  The  tunnel 
air  is  driven  by  a three-stage  axial  flow  compressor 
powered  by  four  wound-motor  induction  motors. 
The  speed  of  the  motors  is  varied  as  necessary  to  pro- 
vide the  desired  Mach  number.  The  motors  have  a 
combined  output  of  180,000  horsepower  for  contin- 
uous operation  or  216,000  horsepower  for  one  hour. 
Tunnel  temperature  is  controlled  by  after-coolers  and 
a cooling  tower.  Four  300,000  cubic  foot  storage 
tanks  provide  dry  air  for  tunnel  pressurization. 

The  tunnel  is  used  for  force  and  moment,  pressure, 
internal  air-flow-inlet,  and  dynamic  stability  tests.  A 
traversing  strut  which  supports  the  sting  body  is 
mounted  vertically  downstream  from  the  test  section. 
Internal,  strain-gage  balances  are  used  for  measuring 
forces  and  moments.  Facilities  for  measuring  multi- 
ple steady  or  fluctuating  pressure  are  available.  A 
schlieren  system  is  available  for  the  study  of  flow 
patterns  by  direct  viewing  or  photographing.  Also, 
a system  for  obtaining  20  by  40-inch  photographic 
shadowgraph  negative-  is  available.  Data  are  record- 
ed on  a Bfeckman  210  medium  speed  recorder  and 
processed  through  a centrally  located  Honeywell 
H-800  computer  system. 
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TABLE  5.5  TRANSONIC,  SUPERSONIC  AND  HYPERSONIC  WIND  TUNNELS 


Facility  Name 
Organization 
Location 

Type  of  Facility 
Type  of  Throat 

Test  Section 

Size 

(ft) 

Mach 

Range 

Reynolds 

Number 

(106/ft) 

Total 

Temp 

(°R> 

Dynamic 

Pressure 

(psf) 

AEDC 

16-foot  Transonic 
Propulsion  Wind  Tunnel 
Arnold  AFS,  Tennessee 

Closed  circuit,, 
single  return, 
variable  density, 
continuous  flow 

■ 16x16x40 

.2 

to 

1.6 

.1 

to 

7.5 

410 

to 

620 

3.3 

to 

1300 

NASA  Langley 

16-foot  Transonic  Tunnel 
Hampton,  Virginia 

■ Closed  circuit, 
single  return 
atmospheric, 
continuous  flow 

15.5  octag.  x 22 

.2 

to 

1.3 

1.2 

to 

3.7 

510 

to 

640 

57 

to 

905 

NASA  Ames 

14-foot  Transonic 

Wind  Tunnel 

Moffett  Field,  Calif. 

Closed  circuit, 
single  return, 
atmospheric. 
Continuous  flow 

13.5  x 13.9  x 33.75 

.6 

to 

1.2 

2.8 
to  . 

5.2 

500 

to 

640 

425 

to 

885 

NASA  Ames 

11 -foot  Transonic 

Wind  Tunnel  (Unitary) 
Moffett  Field,  Calif. 

Closed  circuit, 
single  return, 
variable  density, 
continuous  flow 

11  x 11  x 22 

.5 

to 

1.4 

1.7 

to 

9.4 

540 
to  , 
610 

150 

to 

2000 

AEDC 

16-foot  Supersonic 
Propulsion  Wind  Tunnel 
Arnold  AFS,  Tennessee 

Closed  circuit, 
single  return, 
variable  density, 
continuous  flow 

16  x 16  x 40 

1.5 

to 

4.75 

.1 

to 

2.6 

560 

to 

1110 

30 

to 

570 

NASA  Ames 

8-foot  by  7-foot  Tunnel 
Supersonic  (Unitary) 
Moffett  Field,  Calif. 

Closed  circuit, 
single  return, 
variable  density, 
continuous  flow 

8x  7x  16 

2.4 
to 

3.5 

.5 
, to 

5.0 

580 

to 

200 

to 

1000 

AEDC,  VKF 

Supersonic  Wind 

Tunnel  (A) 

Arnold  AFS,  Tennessee 

Closed  circuit, 
variable  density, 
continuous  flow 

3.33  x 3.33  x 7 

1.5 

to 

6.0 

.3 

to 

9.2 

§30 

to 

750 

49 

to 

1800 

AEDC,  VKF 
Hypersonic  Wind 
Tunnel  (B) 

Arnold  AFS,  Tennessee 


Closed  circuit, 
recycling, 
variable  density, 
continuous  flow 


4.33  dia. 
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TEST  VEHICLES 


In  a free  flight  test  of  a recovery  system,  the  test 
vehicle  represents  the  mass  on  which  ejection,  air  drag 
and  decelerator  forces  act  to  retard  and  control  its 
descent  to  a landing.  The  test  vehicle  also  serves  as  a 
carrier  for  instruments  to  acquire  data  of  decelerator 
performance  and  vehicle-decelerator-environment  in- 
teraction. This  section  describes  various  types  of  test 
vehicles.  Successful  recovery  of  the  test  vehicles  may 
be  a requirement  of  the  test  cycle,  where  a portion  of 
the  data  are  acquired  by  on-board  photographic  cam- 
eras or  other  self  contained  measuring  instruments. 

Flight  Test  Vehicles 

Several  standardized  vehicles  are  used  for  deceler- 
ator testing,  primarily  those  required  for  development 
of  personnel  and  airdrop  parachutes.  In  addition, 
there  are  various  platform  types,  weight-bombs  aad 
cylindrical  test  vehicles  suitable  for  functional  air- 
drops of  the  pri,..^ry  deceleraiors  of  many  systems. 
Beyond  this  inventory  of  relatively  simple  airdrop 
vehicles,  the  tosting  requirements  of  more  complex 
decelerator  systems  and  components  usually  can  be 
satisfied  only  with  vehicles  designed  for  the  purpose. 
In  general,  powered  vehicles  developed  for  individual 
applied  research  programs  are  seldom  usable  on  other 
programs  without  requiring  major  modification. 

Gravity  Drop.  Torso  dummies  and  anthropomor- 
phic dummies  belong  to  the  gravity  drop  class  of  test 
vehicles.  Other  vehicles  in  this  class  are  platform 
types  and  bomb-like  or  similar  ogive-cylinder  configu- 
rations. Characteristics  of  standardized  gravity  drop 
test  vehicles  are  summarized  in  Table  5.6.  Those  list- 
ed are  test  vehicles  currently  available  at  the  National 
Parachute  Test  Range.  El  Centro.  In  the  table,  the 
value  in  the  "maximum  speed"  column  represents  the 
free-fall  terminal  velocity  (in  knots  equivalent  air 
speed)  of  a stable  test  vehicle.  Higher  test  speeds  may 
be  possible  for  bomb-rack  launched  test  vehicles  de- 
pending upon  the  speed  capability  of  the  carrying  air- 
craft and  the  interval  from  launch  to  deployment. 

Dummies  and  Weight-Bombs.  In  all  tests  where 
the  dimensions,  mass  and  mechanical  properties  of 
the  human  form  are  relevant,  such  as  ejection  seats  or 
other  escape  systems,  an  instrumented  articulated 
anthropomorphic  dummy  is  a test  substitute  for  a live 
subject.  The  torso  type  dummy  is  adequate  as  a vehi- 
cle of  proper  mass  adapted  for  personnel  parachute 
testing  along  with  attached  container  and  body  har- 
ness. 

Various  weight  bombs  are  commonly  useo  with 
minimal  instrumentation  to  perform  functional  drop 
tests  of  large  parachutes.  Weight-bomb  test  vehicles 
are  made  from  standard  bomb  casings  ranging  in  size 
form  the  500-lb  general  purpose  bomb  to  the  4000-lb 
light  case  bomb.  Casings  have  been  modified  by 
welding  a flat  steel  plate  to  the  bottom  surface  to  dis- 
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tribute  the  floor  bearing  loads  and  facilitate  handling 
of  the  test  vehicle.  A parachute  adapter  plate,  attach- 
ed to  the  end  of  the  bomb  casing  is  designed  to  take 
maximum  allowable  forces  indicated  in  Table  5.6 
This  class  of  test  vehicle  provides  a weight  range  from 
200  to  10,000  pounds.  There  are  no  parachute  com- 
partments in  the  test  vehicle.  The  parachute  pack  is 
mounted  on  the  bomb  as  shown  in  Figure  5.24.  The 
usual  carrying  aircraft  is  a cargo  type  with  a rear  door, 
the  C-130  being  utilized  most  extensively. 

Test  Platforms.  The  weighted  steel  "tub"  is  a plat- 
form type  test  vehicle  used  primarily  for  development 
of  aerial  delivery  parachutes  and  systems.  Five  sizes 
of  steel  tubs  are  available.  Platform  weight  can  be  bal- 
lasted to  the  required  load  by  adding  steel  bars  which 
fit  inside  the  tub  transversely  and  are  anchored  in 
place.  Suspension  lugs  at  corners  and  at  platform  mid- 
length provide  six  attachment  points  for  suspension 
harness  members.  A schematic  of  a typical  air-drop 
test  platform  and  rigging  are  shown  in  Figure  5.25. 
The  platform  assembly  includes  paper  honeycomb 
between  the  weighted  steel  tub  and  the  load-bearing 
platform  at  the  bottom.  Adequate  tie-down  rings  are 
provided  along  both  sides,  and  all  corners  are  rounded 
to  prevent  damage  to  textile  members.  A unique  fea- 
ture of  the  cargo  extraction  recovery  system  is  the 
"open-link"  safety  device  in  the  deployment  line 
between  the  extraction  system  and  the  recovery  sys- 
tem. The  device  prevents  transfer  of  the  extraction 
load  to  the  parachute  system  unless  the  open  link  is 
closed,  indicating  the  platform  has  left  the  aircraft. 


Figure  5.24  Weight-Bomb  Test  Vehicle 
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TABLE  5.6  AIRDROP  TEST  VEHICLES 


Type 

Basic 

Dimensions 

Min. 

Max. 

Max. 

‘ Max. 

Test  Vehicle 

Structure 

At. 

Wt. 

Load 

Speed 

(inches) 

(lbs) 

(lbs) 

(g's) 

(knots) 

Torso  Dummy 


Weight-8omb 


GP  500 

52  x 14  dia. 

200 

1,000 

15 

340 

C~  Da 

GP  1000 

67  x 18%  dia. 

500 

3,000 

10 

360 

LC  4000 

100  x 35  dia. 

4,000 

10.000 

5 

480 

Platform 

(welded  steel) 

6-Pt  Tub 

72  x 48  x' 12 

1.500 

3.000 

10 

290 

8-H  Tub 

96  x 90  x 24 

3,500 

10000 

1C 

410 

c J 

12  Ft  Tub 

144  x 90  x 24 

3,800 

18.000 

10 

520 

18%-Ft  Tub 

222  x 90  x 24 

9.000 

30000 

10 

525 

(plus  honeycomb) 

24  Ft  Tub 

288  x 90  x 24 

14,000 

50.000 

10 

530 

Cylindrical 

/ — r^3! 

GP  500 

120  x 14  dia. 

400 

1000 

20 

465 

GP  1000 

120  x 18%  dia. 

1,000 

2,400 

20 

545 

GP  2000 

152  x 23  dia. 

1500 

3.000 

15 

530 

<n~~3 

LC  4000 

1 56  x 35  dia. 

3.000 

9,000 

10 

630 

cm 

T-10 

160  x 37%  dia. 

12.000 

25.000 

7 

760 

Transonic 

■ 

Tram.  HI 

1 75  x 24%  dia 

2,000 

6000 

10 

820 

. 1.. 


Parachute 
Compartment 
(cu.  ft.) 


None 


None 


None 

None 

None 


None 

None 

None 

None 

None 


383 
9 32 
17.75 

60.00 

60.00 


950 
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1 L oad-  Bearing  Plat  form 

2 Paper  Honeycomb 

3 Weight-Test  Platform 

4 Tiedown  Nabbing  or  Chain* 

5 Parachut a Tray 

6 Suspension  Rita** 

7 Suspension  Block 

8 G-11A  or  G-12D  Cargo  Racovary  Parachute* 

9 Parachute  Rattraint.  6000-lb  Nylon  Nabbing 
with  Cutter  Knives 

10  G-11 A Clevis 

1 ! Deployment  Line 

12  Open  Link  Safety  Clevis 


13  Activation  Lanyard.  Safety  Clevis 

14  Spring-Powered  Knife  Assembly 

15  Activation  Lanyard.  Spring-Powered  Knife 
Assembly 

16  Manual  Activation  Lanyard  Spring  Powered 
Knife  Assembly 

17  Spring-Powered  Knife  Assembly  Cutter  Web 

18  Four  Point  Clevis 

19  Strain  Gage  Link 

20  Two  or  Four-Point  Strain  Gage  Adapter  Clevis 

21  Rope  Extraction  Line 

22  Aircraft  Anchor  Cable 


Figure  5.25  Schematic  of  an  Airdrop  Test  Platform  Assembly 


Cylindrical  Tast  Vthiclat.  Another  class  &f  test 
vehicle,  the  sex  ailed  "cylindrical"  type,  in  the  weight 
range  from  400  to  25.000  pounds,  is  utilized  for  para- 
chute testing  m the  medium-subsonic  speed  range. 
Like  the  weigbtbcmb.  the  cylindrical  test  vehicle  is 
made  by  modifying  bomb  casings,  but  the  vehicle 
length  is  extended  with  a cylindrical  shell,  supporting 
stabilizing  fins  and  camera  pods  as  shown  in  Figure 
5.26  The  cylindrical  cavity  provides  space  to  contain 
the  parachute  pack  and  other  desirable  test  compo- 
nents. The  instrumentation  which  can  be  used  in  the 
cylindrical  test-vehicle  includes  a choice  of  camera 
equipment,  tensiometers,  and  telemetry  equipment  to 
sense  and  record  opening- forces,  equivalent  air  speed, 
dynamic  pressure,  altitude  and  the  time  sequence  of 
the  recovery  functions. 

Transonic  test  vehicles  are  aerodynamical  clean, 
hi^t  fineness  ratio  versions  of  the  cylindrical  type, 
capable  of  attaining  speeds  of  Mach  1 .0  or  better  dur- 
ing free-fall  from  aerial  drop  The  Transonic  III  was 


designed  as  a double  stage  parachute  test  vehicle  capa- 
ble of  recovery  after  failure  of  the  first  stage  test 
parachute 


Figure  5:26  Cylindrical  Teat  Vehicle 
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Boosted  Test  Vehicles..  Free-f light  testing  of  decel- 
erators  at  speeds  greater  than  transonic  has  necessita- 
ted a departure  from  the  gravity-drop  test  method. 
Test  missiles  have  been  developed  that  were  powered 
by  means  of  solid  propellant  rocket  motors.  Test 
velocities  over  Mach  4.0  and  altitudes  above  200,000 
feet  have  been  reached  with  rocket  powered  test 
vehicles. 

Track  Test  Vehicles , 

Track  test  vehicles  are  commonly  referred  to  as 
"sleds"  because  their  interface  with  the  rails  consists 
of  steel  shoes  (Slippers)  which  are  in  sliding  contact 
with  the  rails  Typical  sled  test  vehicles  used  for  para- 
chute testing  are  those  located  at  the  Holloman  Track; 
the  Arrowhead,  Tomahawk  and  Bushwhacker. 

The  Arrowhead  Sled.  The  Arrowhead  sled  is  a 
solid  fuel  rocket  motor  powered  test  vehicle  specific- 
ally designed  for  parachute  testing  at  high  dynamic 
pressures.  The  Arrowhead  sled  is  designated  as  IDS 
6328  by  the  Holloman  Track  and  operates  either  as  a 
single  stage  vehicle  or.  with  a noncaptive  pusher  sled, 
as  a two  stage  test  vehicle  Carrying  up  to  five  Nike 
rocket  motors  on  its  captive  PDS  6328-1  pusher  sled, 
the  Arrowhead  sled  is  capable  of  developing  a total  of 
approximately  245.000  lb  of  thrust  In  this  configur- 
ation. the  initial  weight  of  11.700  lb  can  be  acceler- 
ated to  a speed  of  Mach  1 89  at  rocket  motor  burn- 
out Burnout  weight  is  approximately  7 ,90  lb  and 
the  empty  weight  of  the  Arrowhead  sled  is  approxi- 
mately 4.100  lb.  With  the  addition  of  the  PDS 6328-2 
first-stage  noncaotive  pusher  sled  containing  five  Nike 
rocket  motors,  the  Arrowhead  sled  can  be  accelerated 
to  Mach  2 55  at  motor  burnout.  A three-view  sketch 
giving  basic  overall  dimensions  of  the  Arrowhead  sled 
is  shown  in  Figure  5.27. 

The  Tomahawk  Sled.  The  Tomahawk  sled  is  also  a 
solid  fuel  rocket  powered  parachute  test  vehicle 
which  operates  cither  as  a single-stage  or  as  a two-stage 
vehicle.  It  is  designated  as  IDS  6301  by  the  Holloman 
.Track  For  this  program,  eight  2.2  KS  1 1 ,000  rocket 
motors,  which  develop  approximately  90,000  lb  of 
thrust  for  2.2  seconds,  were  carried  on  the  Tomahawk 
sled  and  four  2.2  KS  11 ,000  rocket  motors  were  car- 
ried on  the  noncaptive  IDS  5802-1  pusher  sled.  In  this 
configuration,  the  initial  weight  of  7,800  lb  can  be 
accelerated  to  approximately  Mach  1.3  at  rocket 
mo  jr  burnout.  The  burnout  weiqht  is  about  6.200  lb 
and  the  empty  weight  of  the  Tomahawk  sled  is  about 


5,300  lb.  Figure  5.28  shows  a three-view  sketch  giv- 
ing basic  overall  dimensions  of  the  Tomahawk  sled. 

The  Bushwhacker  Sled.  The  Bushwhacker  sled 
was  designed  and  manufactured  by  the  6585th  Test 
Group,  Test  Track  and  Aeronaut'cal  Test  Divisions.  It 
replaces  the  Tomahawk  sled  and  offers  significant  im- 
provement in  load  capacity  and  test  item  size.  Design 
and  performance  characteristics  are  as  follows: 


Height:  15  Feet 

Length:  40  Feet 

Loaded  Weight:  16,000  Pounds 

Empty  Weight:  1 1 .000  Pounds 

Maximum  Velocity:  Mach  =1.5 

On  Board  Propulsion:  4 Nike  Rocket  Motors 

Total  On  Board  Thrust:  188,000  Pounds 

Maximum  Parachute  Size:  22  Foot  Diameter 
Maximum  Load  Capacity:  200,000  Pounds 
Material:  Steel  and  Alumini 


Steel  and  Aluminum 


Figure  5.29  shows  a three-view  sketch  giving  basic 
overall  dimensions  of  the  Bushwhacker  sled. 


TEST  INSTRUMENTATION 

It  is  feasible  to  obtain  parametric  performance  data 
during  the  use  of  test  vehicles  through  the  availability 
of  various  instrumentation  methods.  This  section 
delineates  these  methods  and  associated  techniques, 
and  illustrates  how  the  data  obtained  enhances  the 
utility  of  test  vehicles  so  equipped:  The  availability 
of  these  measurements  has  augmented  the  knowledge 
required ■ to  make  increasingly  accurate  our  analytic 
methods  and  resultant  predictions  of  deceterator  per- 
formance. 

Test  Item  Instrumentation 

Comparatively  recent  instrumentation  techniques 
are  now  available  for  determining  the  magnitudes  of 
the  various  physical  phenomena  associated  with 
decelerators  as  they  are  operated.  For  instance,  in  the 
case  of  parachutes,  it  is  possible  to  obtain  measure: 
ments  of  important  operational  characteristics  as  the 
parachute  deploys,  the  canopy  fills  and  opens,  and 
terminal  velocity  is  reached  end  continues. 

Measurement  of  Strain.  In  order  to  obtain  infor- 
mation on  the  stress  distribution  in  a parachute  cano- 
py, a means  of  measuring  attain  of  lightweight  textiles 
is  desirable.  The  direct  measurement  of  structural 
strain  in  a decelerator  during  inflation  and  steady 
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operation  has  been  obtained  continuously  with  an  Measurement  of  Pressure  Distribution.  Strain  gage 

array  of  miniature  elastomeric  strain-gages  of  the  type  type  measure  transducers  have  been  developed  339  to, 

illustrated  in  Figure  5.30.  Strain  can  be  measured  measure  the  distribution  of  the  local  pressure  (inter- 

with  any  force  transducers  calibrated  to  read  strain  nal,  external  and  differential!  over  a parachute  cano- 

and  able  to  move  with  the  stretch  of  a fabric  or  meas-  py  during  its  inflation  phase,  during  model  wind 

ured  material.  tunnel  tests  340  and  full  scale  free  flight  tests  341. 


Figure  5.27  The  Arrowhead  Sled 


Figure  5.28  The  Tomahawk  Sled 
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1.  Central  part  of  housing 
2 Upper  part  of  housing 
2 Housing  cover 
4.  Artificial  material 
B,  6,  7.  Assembled  aluminum  membrane 

8.  Frame 

9.  Bonding  element  struts 

10.  Bonding  element 

11.  Struts  against  horizontal  movement 

IZ  Compensation  weights 

13.  Connection  between  membrane  end 
bonding  element 

Figure  5.31.  Differential  Pressure  Transducer  with 
Compensation  for  Linear  Acceleration 

Figure  5.31  is  a perspective  view  of  the  entire  trans- 
ducer. A beam  (bending  element)  on  two  bearings  is 
centrally  connected  by  a thin  steel  wire  to  an  alumi- 
num-membrane. This  membrane  is  softly  stretched 
by  means  of  a foil' of  artificial  material  (a  Hostaphan- 
foil'  has  proven  to  be  convenient)  in  a frame.  The 
strain  gages  are  bonded  to  the  bending  element  as 
near  as  possible  to  the  point  of  the  highest  bending 
moment,  which  is  the  center  of  the  bending  element. 
By  optimization  of  the  size  of  the  membrane  and  the 
dimensions  of  the  bending  element  the  high  sensitiv- 
ity required  together  with  a high  natural  frequency 
was  achieved.  To  have  no  influences  on  the  output 
signal  resulting  merely  from  the  pressure  acting  on 
the  membrane,  the  mass  acceleration  forces  of  the 
membrane  and  of  the  bending  element  itself  were  to 
be  compensated  for.  This  was  achieved  by  projecting 
the  bending  element  beyond  the  two  bearings  and  by 
attaching  small  weights  to  the  projecting  ends.  In  this 
manner  an  acceleration  acting  on  the  transducer  is 
compensated  for  because  the  moments  due  to  the 
mass  acceleration  forces  on  the  membrane  and  on  the 
bending  element  are  balanced  by  the  moments  devel- 
oped due  to  the  forces  acting  on  the  additional  mass- 


es (weights)  mounted  on  the  ends  of  the  bending 
element.  Exact  adjustment  can  be  obtained  by  means 
of  a centrifuge.  At  a linear  acceleration  of  200  g the 
additional  weights  will  be  changed  until  there  is  no 
measured  bending  of  the  bending  element  [1].  The 
characteristics  of  the  transducer  are  listed  below: 


Differential  pressure  range: 
Excitation 

(bridge  supply  voltage): 
Internal  resistance: 

Natural  frequency: 

Weight. 

Diameter: 

Height: 


±20  mbar 
5 V 

(current:  40  mA) 
12012 
300  Hz 
9 9 

30  mm 
8 mm 


Measurement  of  Temperature.  Temperature  meas- 
urements are  obtained  with  instruments  employing 
either  electric  thermocouples  or  thermistors  as  the 
sensing  elements.  A bi-metal  thermocouple  emits  an 
easily  calibrated  voltage,  proportional  to  the  tempera- 
ture differential  between  the  "hot”  and  "cold"  junc- 
tions. A typical  calibration  for  an  iron/constantan 
thermocouple  is  30°F  per  millivolt  in  the  range  from 
0 to  800°F.  Chromel/constantan  thermocouples  are 
available  and  used  over  a range  from  -100  to  1500°F. 
■Chromel/alumel  thermocouples  are  available  over  a 
range  from  0 to  2000°  F. 


Strain  Gauges 


Without  Tabs 


Figure  5.32  Omega  Stress  Transducer 
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Measurement  of  Stress.  A miniature  "Omega" 
stress  transducer342,343 designed  for  measuring  para- 
chute canopy  internal  loads  is  illustrated  in  Figure 
5.321  Its  design  is  based  on  the  fact  that  a curved 
beam  experiences  very  high  stresses  and  deformation 
when  exposed  to  bending.  Such  a curved  beam  can 
be  obtained  by  cutting  a slit  in  a short  section  of  a 
tube  made  out  of  an  elastic  material.  A strain  gage 
suitably  bonded  to  this  beam  can  be  used  to  register 
deformation  of  the  beam. 

In  order  to  prevent  the  gore  curvature  from  influ- 
encing the  beam  deformation,  the  curved  beam  has  to 
be  fastened  to  the  canopy  cloth  bv  means  of  hinged 
links  or  flexible  tabs. 

Test  Vehicle  Instrumentation 

Instruments  mounted  on  or  within  the  recovery 
test  vehicle,  are  used  to  measure  loads,  acceleration, 
angular  motion,  rotational  rates  and  signals  for  the 
deployment  process.  In  addition  it  is  frequently 
necessary  to  correlate  these  measured  data  with 
photographic  evidence  of  such  events  as  door  open- 
ings, parachute  deployment  and  inflation,  relative 
motion  of  decelerator  and  vehicle,  and  a number  of 
other  features  depending  upon  the  type  of  recovery 
system  undergoing  test.  Instruments  on  the  test  ve- 
hicle have  also  been  used  for  backup  of  range  instru- 
mentation data. 

Prospective  users  should  contact  the  selected  test 
range  to  coordinate  instrumentation  requirements, 
equipment,  procedures  and  data  processing.  The  ex- 
perience and  equipment  available  at  these  ranges 
should  lead  to  good  instrumentation  coverage  with 
fast  response  and  the  most  economical  method  suit- 
able for  obtaining  test  results. 

Tefemetry.  The  remote  terminal  of  a-  telemetry 
system  consists  of  a signal  coder,  multiplexing  unit, 
amplifier,  power  supply,  antenna  system  and  various 
sensing  and  measuring  end  instruments  known  as 
transducers.  In  FM  telemetry  systems,  the  physical 
quantity  to  be  measured  is  converted  by  a transducer 
to  an  equivalent  electrical  signal.  The  signal  is  used  to 
frequency-mod'jlate  a subcarrier  oscillator  in  one  of 
the  standard  subcarrier  bands.  The  outputs  of  the 
subcarrier  oscillators  are  mixed  and  used  to  frequency- 
modulate  the  transmitter. 

Subcarrier  Oscillators.  Four  general  classifications 
of  subcarrier  oscillators  are  voltage-controlled,  resist- 
ance bridge,  inductance-controlled  and  saturable  re- 
active. Each  type  is  used  for  a specific  purpose  and, 
in  general,  the  four  are  not  interchangeable. 

Voltage-controlled  oscillators  are  widely  used  to 
measure  a-c  or  d-c  voltages.  These  voltages  may  be 


Gauges  3 & 4 on 


. Material:  174  PH  Vac.  Remelt 

1 S\.  2 Hamnett:  R/C44 

‘■V  Load  Beam  Design  Stress  - 

— <T  y 50000  PSI 

4 ^7  S*  3 Load  Beam  Thickness  - 0.20" 

* Strain  Gauge  Resistance- 500^ 

Strain-Gauge  Bridge 

Figure  S.33  Typical  Electric  Strain-Gauge  Force 
Transducer 

the  output  of  appropriate  transducers  or  may  be  volt- 
ages of  the  quantity  being  measured.  Most  of  the 
voltage-controlled  oscillators  are  available  as  plug-in 
units  and  are  pretuned  at  the  factory.  Prepackaged 
plug-in  filters  for  harmonic  suppression  are  also  avail- 
able. 

The  resistance-bridge  oscillator  consists  of  a phase- 
shift  oscillator  employing  a resistance  bridge  as  a part 
of  the  phase-shift  network.  A change  in  the  resist- 
ance of  any  one  of  the  four  bridge  elements  will  pro- 
duce a proportional  change  in  the  oscillator-bridge 
combination.  This  type  of  oscillator  is  designed  for 
transducers  employing  strain-gage  elements  and  is 
recommended  for  use  in  one  or  more  arms  of  a four- 
arm  resistance  bridge. 

Inductance-controlled  oscillators  are  used  prima- 
rily with  variable-inductance  transducers.  The  oscil- 
lator circuit  is  basically  a Hartley  LC  with  the  trans- 
ducer constituting  the  inductive  portion  of  the  tank 
circuit.  As  the  transducer  inductance  is  changed  by 
the  action  of  the  quantity  to  be  measured,  the  fre- 
quency of  the  oscillator  is  varied,  thus  producing  a 
frequency-modulated  subcarrier  signal  proportional 
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to  the  applied  stimulus.  In  general,  the  inductance 
oscillators  are  rugged,  stable,  physically  small,  and 
light  in  weight. 

Reactance  oscillators  employ  saturable  reactors 
which  are  current-controlled  pickups.  Coils  of  the 
reactor  are  used  as  inductance  elements  to  modulate 
the  oscillator.  This  type  of  oscillator  is  used  for 
measuring  current,  small  voltages,  or  temperature. 

Measurement  of  Force.  A calibrated  load  cell  is 
the  common  instrument  for  measuring  dynamic  force 
at  a parachute  riser  attachment.  Figure  5.33  shows 
details  of  a miniature  load  cell  employing  a strain- 
gage  link  with  a resistance,  bridge  as  the  transducer 
element  bonded  to  the  load  beam  surfaces.  The 
working  range  is  a function  of  the  strength  and  elastic 
limit  of  the  load-bearing  member.  Strain-gage  load 
cells  should  be  installed  so  as  to  avoid  bending 
moments  in  the  stressed  beam  or  secondary  accelera- 
tion effects.  This  is  best  accomplished  with  a univer- 
sal joint  free  motion,  preferab'yat  the  venicle. 

Measurement  of  Pressure.  A strain-gage  force 
transducer  driven  by  a sealed  piston  is  a common 
means  for  measuring  pressure,  the  calibration  being  in 
terms  of  force  per  unit  area.  Other  pressure  sensing 
transducers  may  employ  displacement  of  a diaphragm, 
Bourdon  tube  or  sylphon  bellows.  Potentiometric 
type  pressure  transducers  also  are  used.  Measurement 
of  altitude-pressure  requires  barometric  type  instru- 
ments similar  to  the  above,  calibrated  for  the  atmos- 
pheric static  pressure  profile  over  the  desired  altitude 
range.  The  location  of  pressure  ports  to  ensure  true 
static  readings  sometimes  entails  special  plumbing  to 
the  transducer. 

Measurement  of  Dynamic  Pressure.  Instruments 
for  the  measurement  of  differential  pressure  and  rela- 
tive airflow  velocity  are  closely  related.  The  free- 
stream  dynamic  pressure  is  measured  with  Pitot-static 
tube  as  the  difference  between  the  total  pressure  and 
the  static  pressure,  and  translated  mechanically  and 
therefore  electrically  into  equivalent  air  speed1  Units 
based  on.sealevel  density  of  air.  When  the  density  is 
known,  the  true  air  speed  can  be  calculated. 

Measurement  of  Acceleration.  Gravitational  forces 
or  forces  expressed  in  "g's"  (multiples  of  the  mass  of 
the  lOl  I body)'  (lit  iiiLooUIC  d along  one  or  more  of 
three  orthogonal  axes.  Accelerations  along  these  axes 
that  can  be  tolerated  by  the  human  body,1  form  criter- 
ia for  the  dynamic  response  index  limits.  Thus,  ac- 
celeration instruments  are  used  in  live  and  dummy 
tests  during  seat  ejection  or  bail-out  to  measure  linear 
and  rotational  motions,  the  acceleration  effects  on 
the  human  body  of  air  blast,,  of  parachute  opening, 


and  in  crew  modules,  the  accelerations  due  to  landing 
impact.  Accelerometers  are  normally  placed  in  the 
center  of  gravity  of  a test  vehicle,  but  they  also  may 
be  used  to  measure  high  acceleration  occuring  during 
the  parachute  deployment  and  opening  process  on 
such  devices  as  reefing  line  cutters  attached  to  the 
canopy  skirt. 

The  accelerometer  transducer  uses  strain-gage 
bridge,  force  sensing  semiconductors  or  piezo-electric 
element  principles  which  involve  deformation  under 
the  inertia  force  of  a moving  mass.  Instruments  of 
high  accuracy  are  commercially  available. 

Photographic  Analysis.  The  value  of  test  vehicles 
for  decelerator  testing  is  greatly  enhanced  by  the  utili- 
zation of  a variety  of  on-board  photographic  equip- 
ment. This  provides  a permanent  visual  record  of 
decelerator  operational  events  which  may  be  reviewed 
accurately  and  repeatedly  with  possible  correlation  to 
other  measurements.  Cameras  are  usually  mounted 
on  the  outside  of  the  test  vehicle  in  protective  cover- 
ings, and  aimed  to  best  cover  the  deploying  and  open- 
ing decelerator..  Internal  mounting  of  photographic 
equipment  is  also  employed. 

Initially,  the  16mm  GSAP  camera,  modified  for 
use  in  test  vehicles,  was  almost  exclusively  used 
because  of  its  availability  and  low  cost.  As  require- 
ments for  increased  tolerance  to  high  ”g"  loads,  a need 
for  wider  choice  of  lens,  and  wider  range  of  frame 
rates  became  apparent,  more  sophisticated  types  of 
cameras  were  developed  and  became  available.  This 
has  resulted  in  the  improved  visual  study  of  parachute 
operational  behavior,  which  is  especially  important 
when  malfunctions  or  other  operational  anomalies 
occur.  A typical,  widely  used  camera  of  the  more 
sophisticated  type  mentioned  is  the  Photo-Sonics 
16mm-1F.  Its  ability  to  operate  successfully  under 
loadings  as  high  as  100  "g"s  is  but  one  of  its  assets. 
Frame  rates  range  from  200  to  1000  frames  per 
second.  Water  tight  seals  provide  protection  from 
water  submersion  for  a period  of  several  hours.  The 
choice  of  a variety  of  lens  increases  the  utility  of  this 
camera.  Electric  power  required  is  optional  6 to  28 
volts  DC,  or  10  to  48  volts  DC.  Of  prime  importance 
is  its  timing  light,  which  makes  event  sequencing 
analysis  possible.  - 

Range  Instrumentation 

Data  acquisition  methods  at  each  range  employ 
similar  equipment.  Exact  descriptions  and  peform- 
ance  specifications  will  be  found  in  tne  Range  User's 
Handbook  furnished  by  the  range  operation  agency. 
In  the  following  paragraphs  are  general  descriptions 
of  range  instrumentation.  Included  are  cinetheodo- 
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television,  tracking  radar  and  laser  equipment.  Mete- 
orological data  are  obtained  by  making  surface  obser- 
vations at  several  range  locations.  Wind  direction  and 
velocity  are  determined  by  Rawing,  a system  using  a 
balloon-borne  radio  transmitter  modulated  by  pres- 
sure, temperature  and  humidity  and  tracked  by  a 
radm  receiver,  the  antenna  of  which  is  slaved  to  the 
signal  being  received. 

Time  Coordination.  On  most  test  ranges,  all  data 
acquisition  and  handling  is  controlled  by  Inter-Range 
Instrumentation  Group  (IRIG)  systems.  Theheartof 
such  control  is  the  IRIG  timing  system.  The  timing 
system  generates  pulse  rates,  cinetheodolite  control 
pulses  and  Accurately  synchronized  time  codes  which 
are  transmitted  and  simultaneously  captured  on 
ground  station  motion  picture,  telemetry,  radar, 
television  or  other  records.  Airborne  cameras  require 
an  independent  timing  reference  which  can  be  corre- 
lated with  the  ground  based  IRIG  timing  system. 
Such  correlation’ is  important  for  proper  definition  of 
such  recovery  events  as  line  stretch,  time  of  snatch 
force,  multiple  opening  forces  and  transfer  from 
drogue  to  main  parachute.  These  data  are  most  im- 
portant in  case  of  anomalies  or  failure.  Electrically 
initiated  events  such  as  test  vehicle  separation  from 
the  aircraft,  parachute  compartment  cover  ejection, 
drogue  parachute  disconnect,  main  parachute  deploy- 
ment initiation,  ground  impact  attenuator  deployment 
initiation  and  main  parachute  disconnect  may  be  tele- 
metered and  recorded.  In  order  that  test  analysis  be 
meaningful,  data  from  all  measurement  gathering 
sources  should  be  properly  time  coordinated. 

Space  Positioning.  Optical  tracking  cinetheodo- 
lites,  designed  to  provide  angular  measurement  of  the 
line-of-site  from  -he  instrument  to  the  flight  test  vehi- 
cle, are  stationed  along  the  flight  range.  The  vehicle 
image,  angle  data  and  timing  are  recorded  on  film 
simultaneously.  A minimum  of  two  instruments  are 
required  to  determine  vehicle  spacial  position.  Cine- 
theodolites  are  a prime  source  of  vehicle  trajectory 
information,  e.g.,  position,  velocity  and  acceleration. 
Data  are  obtained  at  speeds  up  to  thirty  frames  per 
second  with  Corttraves  cinetheodolites.  Each  film 
frame  registers  transmitted  signals  for  correlation 
with  other  typ®s  of  instrumentation  being  used.  Most 
ranges  are  equipped  with  semi-automatic  film  reading 
systems' which  provide  for  rapid  conversion  of  the 
data  for  computer  input  purposes. 

Telescopic  Cameras.  Ground  based  telescopic 
motibn  picture  cameras  on  tracking  mounts  are  used 
to  obtain  decelerator  deployment  and  inflation  per- 
formance data  during  a recovery  sequence.  These 
instruments  may  vary  in  telescopic  power,  frame  rates 


and  film  sizes  (16,  35  and  70mm).  Some  tracking 
mounts  are  also  equipped  with  a distance  measuring 
or  tracking  laser.  Recording  rates  are  usually  twenty- 
four  frames  per  second.  Rates  as  high  as  five  hundred 
frames  per  second  have  been  used  making  possible 
very  detailed  step  by  step  sequencing  of  deploym' 
and  inflation  events. 

Television.  Closed  circuit  television  s,  Terns  pro- 
vide real  time  viewing  of  tests  with  high  resolution 
coverage  originating  at  selected  range  camera  sites. 
Video  signals  are  transmitted  by  microwave  to  the 
master  control  station  where  video  tape  recording 
may  be  utilized  for  replay  on  demand. 

Tracking  Radars.  Air  vehicles  can  be  skin-tracked 
or  beacon-tracked  by  radar  to  provide  accurate  tra- 
jectory data  and  instant  range  space  position.  Radar 
may  also  be  used  to  locate  and  follow  a Rawin  instru- 
ment or  provide  range  safety  surveillance.  In  an  air- 
craft launch  test  operation,  radar  can  be  used  to  vec- 
tor the  aircraft  to  a predetermined  release  point  so 
that  th“  test  item  will  impact  on  the  range  in  an  opti- 
mum position'  for  photographic  coverage.  The  test 
controller  examines  predicted  trajectories  for  the 
vehicle  with  both  functioning  and  non-functioning 
recovery  systems,  considers  wind  direction  and  the 
stipulated  test  conditions  (airspeed  and  drop  altitude) 
and  plots  the  release  point.  After  release,  the  radar 
signal  is  transferred  to  the  test  vehicle  to  obtain  a 
plot  of  altitude  versus  time  and  the  ground  projection 
of  the  test  item's  flight  path.  From  radar  triangula- 
tion or  range  and  angle  data,  the  impact  spot  can  be 
located  on  the  range  to  aid  search  and  deployment  of 
retrieval  crews. 

Laser  Tracking.  Contraves  (Cinetheodolites-35mm 
10  or  30  frames  per  second)  sites  at  Edwards  A. F.B., 
CA,  El  Centro  (National  Parachute  Test  Range),  CA, 
and  Sandia  Laboratories,  Albuquerque,  NM  are  now 
utilizing  laser  tracking  as  an  aid  in  obtaining  space 
positioning  data.  The  laser  is  mounted  parallel  to  the 
35mm  camera  on  a common  tracker  mount. 

In  conjunction  with  the  laser  is  a laser  reflector, 
which  is  mounted  on  the  drop  test  vehicle.  This  laser 
reflector  isa  flexible  piece  of  scotchlite  No.7610  (3M) 
which  was  a "look"  angle  of  30°  on  a flat  surface.- 
Look  angles  of  60°  can  be  achieved  on  a curved  sur- 
face. The  type  of  laser  being  used  is  a Neodymium  - 
Gallium  Arsenide  laser.  Safety  goggles  must  be  used 
when  working  near  this  laser. 

The  laser  tracking  method  of  range  data  acquisi- 
tion gives  more  rapid  results,  Data  on  trajectories  is 
available  for  examination  in  less  time. 

Telemetry.  The  most  flexible  data-gathering , 
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method  available  is  provided  by  telemetry  systems. 
Radio  signals  are  transmitted  to  ground  receiving 
units  that  provide  for  recording  the  measurements 
made  at  the  test  vehicle  during  the  sequence  of  con- 
trolled events,  whether  aircrew  escape,  airborne  cargo 
delivery  or  deceleration  and  landing  provided  by  a 
vehicle  recovery  system. 

A telemetry  system  consists  of  one  or  more 
remote  sensing  devices  which  collect  measurements 
and  convert  them  into  a form  suitable  for  simultane- 
ous transmission  on  a single  carrier  (radio)  frequency 
to  a ground  receiving  station.  Here  the  signals  are 
decoded  and  the  various  measurements  are  separated 
and  fed  into  equipment  for  processing,  quick  display, 
recording  for  storage  and  later  analysis. 

The  use  of  telemetry  is  controlled  by  IRIG  which 
adopted  "frequency  modulation"  (FM)  as  the  meth- 
od for  signal  transmission.  Three  frequency  bands, 
P-Band  (216-260  MHz),  L-Band  (1435-1540  MHz), 
and  S-Band  (2200-2300  MHz),  are  currently  assigned. 
The  higher  transmission  frequencies  are  the  more 
desirable  because  they  afford  shorter  wave  length  and 
wider  band  width.  Short  wave  lengths  permit  shorter 
length  antennas  on  the  flight  vehicle  at  high  transmis- 
sion efficiencies.  Wide  band  width  favors  greater 
transmission  capacity  and  accuracy  of  data.  However, 
the  higher  frequency  transmitters  and  receivers  are 
heavier  and  more  expensive. 

Modulating  techniques  vary  with  requirements. 
Until  recently  FM/FM  telemetry  was  used  exclusive- 
ly, e.g.,  remote  measurements  were  converted  into 
subcarrier  frequency  modulated  messages  and  trans- 
mitted on  a common  FM  carrier  frequency.  The 
required  band  width  per  subcarrier  (channel),  limits 
the  number  of  continuous  measurements  transmissi- 
ble to  between  8 and  12  due  to  practical  considera- 
tions. Commutation  is  a means  of  expanding  data 
transmission  capacity  by  having  one  or  more  channels 
carry  discrete  short  intervals  of  several  on-going  meas- 
urements in  a repeating  cycle.  Certain  data  are  ade- 
quately monitored  by  multiplexing  signals,  but  others 
which  exhibit  sudden  and  frequent  variation  usually 
require  a continuous  channel.  FM/FM  through  ex- 
tensive use  has  reached  a high  state  of  development 
and  reliability,  but  with  only  8 to  10  channels, 
FM/FM  may  provide  insufficient  capacity  for  com- 
plex multi-measurement'  test  requirements.  The 
Apollo  boilerplate  test  vehicle  used  twelve  channels 
of  information  over  two  carrier  frequencies,  and  for 
reliability  these  signals  were  recorded  wit11  a back-up 
single  on-board  magnetic  tape  recorder. 

For  complex  testing  "pulse  code  modulation" 
(PCM),  "pulse  amplitude  modulation"  (PAM),  or 
"pulse  duration  modulation"  (PDM),  systems  are 
available  for  use  at  several  ranges.  The  PAM/FM  and 
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PDM/FM  systems  provide  greater  flexibility  and 
capacity  for  measurement  data  than  the  FM/FM  sys- 
tem. PAM/FM  telemetry  was  found  to  be  accurate 
within  2 to  2'A  percent  PCM/FM  provides  the 
same  flexibility  as  PAM/FM,  with  accuracy  determin- 
ed to  be  one-half  percent  in  transmission,  or  even 
better  in  analog  to  digital  conversion.  The  higher 
accuracy  exacts  a penalty  in  complexity  and  equip- 
ment cost.  The  Air  Force  used  PCM/FM  telemetry 
for  transmission  of  200  measurements  of  data  in 
simultaneous  testing  of  four  ejection  seats  launched 
from  a rocket  propelled  sled  simulating  the  nose  sec- 
tion of  the  B-1  bomber. 

Data  Processing.  The  data  that  are  received  as  sig- 
nals at  telemetry  ground  stations  must  be  conditioned, 
demultiplexed  and  digitized.  Such  processing  is 
accomplished  at  a central  data  control  station  where 
various  units  convert  raw  data  to  usable  form  for  dis- 
play or  storage,  introducing  timing  definition  and 
correlated  data  from  other  instrument  systems.  Data 
recording  and  processing  services  appropriate  to  each 
set  of  range  instrumentation  are  available  at  all  bases. 
Data  obtained  from  cinetheodolite  film,  telemetry, 
radar,  video  or  atmospheric  sounding  records  may  be 
processed  to  bring  results  into  a meaningful  data 
package  suitable  for  engineering  analysis.  For  special 
tests  or  special  analysis  requirements,  the  software 
systems  are  sometimes  modified.  Data  can  be  pre- 
sented in  either  digital,  tabular  or  graphic  forms, 
appropriate  to  the  type  of  test  analysis  desired. 


CHAPTER  6 

PERFORMANCE 


Knowledge  of  the  aerodynamic  and  operational  characteristics  of  decelerators  and  related  devices  is  prereq- 
uisite to  the  design  of  dependable  recovery  systems  and  the  prediction  of  their  performance  in  the  operational 
environment.  Representative  performance  data,  primarily  empirical  in  character,  is  summarized  in  this  chapter  as 
an  aid  to  understanding  decelerator  theory,  applicable  analytical  methods  and  design  criteria. 

. Information  is  presented  in  the  light  of  contemporary  theoretical  formulations  relating  measured  behavior  to 
decelerator  system  parameters  and  known  physical  laws.  But  the  emphasis  here,  is  on  "how  it  works"  rather  than 
on  the  elaboration  of  approximate  mathematical  models,  reserving  more  complete  analytical  treatment  for  Chap- 
ter 7.  Some  comparisons  of  measured  and  predicted  performance  are  made  to  indicate  the  accuracy  level  attain- 
able with  various  analytical  methods  and  to  illustrate  thj  types  of  empirical  coefficients  and  other  data  needed 
for  their  successful  application.  'The  complexity  of  the  subject  is  clan  Bed  somewhat  by  disecting  and  examining 
separate  elements  of  the  varied  physical  processes  involved  in  decelerator  operation. 

During  the  operation  jf  a typical  recovery  system  the  major  component  subsystems  go  through  a sequence  of 
functional  phases  each  of  which  must  be  properly  executed  before  the  next  can  begin  and  carry  the  total  opera- 
tion to  a successful  conclusion.  In  general  terms  these  functional  phases  are: 

Deployment 

Inflation 

Deceleration 

Descent 

Termination 

For  convenience  the  subject  matter  is  presented  in  this  sequence,  although  it  is  recognized  that  the  functional 
phases  are  not  sharply  separated  in  real  system  operation  and  some  systems  do  not  have  a descent  phase.  For 
example,  some  canopy  inflation  may  occur  during  deployment,  and  usually  during  inflation  the  system  deceler- 
ates as  the  canopy  drag  area  increases.  But  each  functional  phase  is  represented  by  a different  set  of  design 
criteria  and  design  parameters. 

While  much  of  the  aerodynamic  and  other  data  presented  is  useful  for  preliminary  design  and  performance 
estimates,  it  serves  mainly  as  an  aid  to  understanding  the  complex  physical  processes  involved  in  the  operation  of 
parachutes  and  related  devices.  The  results  of  small  model  tests  are  essentially  of  qualitative  value  which  itself  is  a 
function  of  the  accuracy  of  the  models.  The  strong  influence  of  decelerator  flexibility,  elasticity  and  effective 
porosity  on  performance  and  the  fact  that  these  properties  vary  both  with  scale  and  operational  conditions  lends 
emphasis  to  die  importance  of  full  scale  flight  testing  in  this  field.  Efforts  to  reduce  dependence  on  such  testing 
are  reflected  by  new  analytical  approaches  presented  in  Chapter  7.  The  empirical  data  given  here  are  representa- 
tive of  the  current  state  of  the  art  as  established  by  the  results  of  numerous  model  and  full  scale  test  programs 
sponsored  by  both  government  agencies  and  private  industry. 

DEPLOYMENT 

Deployment  is  One  of  the  major  functional  phases 
in  the  operation  of  a recovery  system.  Most  of  the 
available  data  relate  specifically  to  deployment  of 
parachutes,  but  the  principles  discussed  are  generally 
applicable  to  all  types  of  decelerators.  In  the  follow- 
ing paragraphs,  different  methods  of  deployment  are 
described  in  conjunction  with  resulting  forces  and 
means  of  limiting  peak  impact  loads. 


Deployment  Sequences 

Applied  to  parachutes  and  similar  aerodynamic 
decelerators  the  term  deployment  denotes  the 
sequence  of  preliminary  actions  starting  with  separa- 
tion of  the  decelerator  from  the  recoverable  body  and 
ending  when  its  rigging  is  fully  stretched.  Deploy- 
ment may  be  initiated  and  powered  by  one  or  a com- 
bination of  the  devices  described  in  Chapter  3,  e.g., 
static  line,  pilot  chute,  or  mortar.  The  process,  being 
short  and  impulsive,  is  attended  by  an  impact  load,  or 
loads. 
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The  different  deployment  methods  fall  into  two 
broad  categories  characterized  by  the  order  in  which 
the  decelerator  members  are  allowed  to  payout  after 
initiation.  Canopy-first  deployment  of  a parachute  is 
effected  with  an  attached  bridle  or,  in  many  cases,  a 
static  line  which  applies  a tensile  force  to  progressive- 
ly unfold  the  canopy  from  its  container.  After  the 
canopy  skirt  emerges  from  the  container  the  order  of 
events  is  determined  by  whether  the  suspension  lines 
are  stowed  in  a container  which  is  attached  to  the 
body,  or  the  outside  of  a container  temporarily 
attached  to  the  canopy,  e.g.,  sleeve  or  quarter  bag 
as  described  in  Chapter  3. 

Lines-first  deployment  is  effected  by  means  of  a 
deployment  bag,  or  separable  container,  which  may 
be  extracted  by  an  attached  bridle  and  pilot  chute  or 
forcibly  ejected  from  the  vehicle.  In  either  case,  the 
entire  decelerator  moves  away  from  the  vehicle  in  the 
deployment  bag  with  risers  and  lines  progressively  un- 
folding followed  by  the  canopy  as  the  bag  is  stripped 
away.  Each  deployment  method  provides  a different 

Ft  L C 

(Risers)  (Susp.  Lines ) ( Canopy ) 
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order  in  which  the  decelerator  mass  may  be  progress- 
ively separated  from  the  body,  either 

canopy,  suspension  lines  and  risers 
(canopy-first  deployment  with  lines  and 
risers  stowed  in  a container  attached  to 
the  body).  (Figure  6.1a) 
riser,  suspension  lines,  and  canopy  (lines- 
first  deployment  with  decelerator  stowed 
in  a deployment  bag  or  similar  separable 
container).  (Figure  6.1b) 

canopy,  risers,  and  suspension  lines 
(canopy-first  deployment  with  lines  and 
risers  stowed  on  sleeve  or  quarter  bag),  a 
combination  of  the  above  methods 
(Figure  6.1c) 

These  different  mass  distributions  (coupled  with 
effective  drag  forces,  material  elasticity,  and  the 
deployment  method)  determine,  first,  the  rate  3t 
which  the  principal  mass  components  are  decelerated 
to  separate  from  the  body  and,  second,  the  number 
and  magnitude  of  the  impulses  involved  in  re-accel- 
erating  the  mass  components  to  the  velocity  of  the 
body. 

Deployment  Forces  (Snatch) 


Final  Configuration  of  Each  Sequence 
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b)  Lines-First  (Deployment  Bag) 
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c)  Sleeve  or  Quarter  Bag 

Figure  6. 1 Schematic  of  Different  Deployment 
Sequences 


The  impact  load  generated  by  the  impulsive  re- 
acceleration of  all  or  part  of  the  decelerator  mass  is 
responsible  for  the  sharp-edged  force  transient  tradi- 
tionally called  the  snatch  force  (Figure  6.2).  In  the 
great  majority  of  recovery  system  operations  the 
snatch  force  has  not  been  a critical  load  because  peak 
opening  forces  are  greater  in  magnitude  and  duration. 
The  occurrence  of  extreme 'snatch  forces  often  is  the 
result  of  faulty  design  and  njiay  be  corrected  by  minor 
system  changes. 

The  high-onset  shock  generated  by  the  snatch 
force  can  cause  critical  inertial  forces  in  attached 
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Figure  6.2  Snatch  and  Opening  Forces  of  a 28  Ft 
D0  Solid  Flat  Circular  Parachute 
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devices  such  as  reefing  line  cutters  and  has  been 
known  to  break  the  pyrotechnic  fuse  train  or  prevent 
the  firing  pin  from  actuating  the  percussion  initiator 
in  a cutter  improperly  mounted  on  the  skirt.  It  is 
clear  that  the  inertial  force  acts  toward  the  apex  of 
the  canopy,  creating  compression  in  a fuse  train  with 
initiator  pointing  forward  and  tension  in  a fuse  train 
with  initiator  pointing  aft.  Snatch-generated  inertial 
loads  also  are  capable  of  tearing  reefing  line  cutters 
loose  from  their  moorings  on  the  canopy. 

Other  severe  high-onset  shock  effects  have  been 
experienced  in  systems  in  which  the  main  parachute 
is  deployed  by  a permanently  attached  pilot  chute. 
In  such  systems  line  stretch  occurs  with  pilot  chute 
fully  inflated.  The  result  is  an  impact  load  augment- 
ed by  pilot  chute  drag,  and  included  air  mass  momen- 
tum. 

The  potential  for  generating  high -onset  shocks  also 
exists  in  the  common  practice  of  deploying  a deceler- 
ator  by  a prior  stage  drogue,  with  its  riser  connected 
through  a jumper  bridle  to  the  deployment  bag.  Ex- 
cess slack  length  is  the  usual  cause.  If  the  bridle  itself 
is  not  broken,  the  contents  of  the  deployment  bag 
may  be  disorganized  or  dumped  by  failure  of  retain- 
ing members. 

A typical  lines-first  deployment  sequence  is  illus- 
trated schematically  in  Figure  6.3.  The  canopy  mass, 
constrained  to  a minimum  drag  configuration,  is 
caused  to  decelerate  faster  than  the  towing  body,  un- 
til it  reaches  position  (2).  It  arrives  at  position  (2) 
with  a maximum  differential  velocity,  &vmax,  rela- 
tive to  the  body,  at  which  point  the  suspension  lines 
and  riser  come  taut  and  begin  to  stretch.  As  the  sus- 
pension lines  stretch,  the  canopy  mass  (or  a major 
fraction  of  it)  is  re-accelerated  such  that  at  position 
(3),  Oand  the  total  elongation  of  the  line  bundle 
is  A /. 


Fs=  Ft  + D—Wp  sin  8 

The  inertial  component,  F t,  is  large  whiie  the  drag 
and  weight  components  may  be  negligibly  small. 
Drag  is  not  negligible  when  the  pilot  chute  is  retained. 
The  relationship  of  the  inertial  components  to  perti- 
nent parameters  of  the  system  is  indicated  by  this 
approximate  formula. 

Fiss  hvmax(mK)'A  62 

Where  rr  = mc+  (m / + m p)/2 
mc  = mass  of  canopy 
m)  = mass  of  suspension  lines 
mp  - mass  of  risers 

and  k is  the  effective  "spring  constant"  of  the  line- 
riser  bundle.  The  mass  of  an  attached  pilot  chute 
with  its  included  air  mass  is  added  tomc  when  appli- 
cable. 

The  effective  spring  constant,  re,  represents  the 
force  required  to  stretch  the  line-riser  bundle  a unit 
distance.  The  static  stress-strain  curves  presented  in 
Figure  6.4A  are  broadly  characteristic  of  nylon  tex- 
tile cords  and  webbing.  For  typical  impact  velocities 
the  force  rises  more  steeply  with  elongation,  and  ulti- 
mate strengths  are  hiqher  than  static  maxima  (see  Fig- 
ure 6.4C).  Groom330  demonstrated  the  basic  re- 
sponse of  nylon  textiles  to  repeated  impact  loads  by 
the  method  illustrated  in  Figure  6.4B  along  with  typ- 
ical results.  The  test  specimens  were  made  of  1 500  lb 
5/8  inch  nylon  webbing. 

McCarty329  investigated  the  load-elongation  char- 
acteristics of  nylon  suspension  line  cord  under  both 
static  and  impact  load  conditions.  Figure  6.4C  shows 
how  the  ratio  of  the  impact  to  static  load  increases  as 
the  elongation  decreases  for  loading  rates  from  120- 
690  per  unit  per  second.  Typical  single  and  double 
impact  loading  cycles  are  shown  in  Figure  6.4D,  both 
measured  and  computed.  All  test  specimens  were 
400  lb  nylon  cord  (MIL-C-5040E,  Type  II). 

In  terms  of  the  properties  of  the  materials  in  the 
line-riser  bundle,  when  the  riser  is  an  integral  exten- 
sion of  Z suspension  lines. 

k - ZFj/!2  (e-eo)  6-3 
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Figure  6.3  System  Geometry  During  Deployment 
to  End  of  Lino-Stretch 

As  shown  in  Figure  6.2,  after  viscoelastic  elonga- 
tion of  the  stretched  line  bundle  has  absorbed  all  the 
kinetic  energy  of  the  deployed  decelerator,  the  axial 
tensile  load  will  have  passed  through  a transient  peak, 
.i.e.,  the  snatch  force.  The  snatch  force  is  actually  the 
sum  of  three  components: 


where  Fj  is  the  tensile  load  required  to  produce  a 
relative  elongation  e in  one  cord,  1 2 is  the  unstretched 
length,  and  e0  is  the  initial  strain,  which  may  be  rela- 
ted to  the  creep  not  present  at  high  loading  rates. 
When  the  initial  strain  is  not  set  equal  to  zero,  e0  ma  / 
be  selected  so  that  k will  be  close  to  the  average  of 
the  non-linear  variation  over  the  working  load  range 
of  interest.  This  would  logically  bracket  the  design 
limit  load,  (Fj/Pp  » 0.4  to  0.6)  where  Pp  is  the  ulti- 
mate rated  strength  of  the  material,  rather  than  ex- 
tend to  the  ultimate,  because  generally  k at  ultimate 
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Figure  6.4 A Relative  Load-Flongation  of  Nylon  Webbing  from  Twice  Repeated  Static  Tests 
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Figure  6.48  Tension-Strain  Pattern  Generated  by  Successive  impact  Loads 
of  Decreasing  Magnitude  ( Ref.  330 ') 
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Figure  6.5  Approximate  Body  Csroipy  Sepantion  Velocity  at  Line- Stretch 


n less  than  « at  limit,  and  use  of  ’he  latter  wtyuid 
yield  more  conservative  results  to;  design  purposes 
However  a failure  analysis  would  be  made  w>th  x at 
ultimate 

Treating  composite  members  times  with  webbing 
risers,  etc  > as  a compound  spring 

I/a  ■ Mi  f * thj  *■ IMn  6-4 

Owing  to  their  visr.oetastk.  properties.  textile 
members  function  like  'sort''  spring  only  luting  ttv 
first  application  of  a limit  load.  As  shown  m Figure 
6 48.  hysteresis  is  large  and  the  rebound  slight  be- 
caose  the  elastic  recovery  a relatively  small.  Tor 
subsequent  applications  of  repeated  loads,  the  effec- 
tive spring  constant  wilt  be  hither  than  initials  Th,» 
alone  would  vand  to  make  the  opening  fora  more 
cntical  than  a preceding  snatch  forte  of  ar'epublc 
magnitude,  because  the  energy  absorbing  c-cpetity  o» 
the  suspension  line*  becomes  pgnifican.tly  smaller 
after  the  first  maior  load  transient.  Therefore,  the 
spring  constant  evaluated  a*  described  above  would 
tend  to  be  valid  only  for  the  first  rnator  imp*  t load, 
or  for  the  increments  of  subsequent  loads  that  exceed 
the  preceding  load  over  a short  interval  of  time. 

The  maximum  differential  velocity.  Avm4J,.  it 
-difficult  tc  determine  but  may  be  measured  in  suit- 
ably instrumented  tests,  or  may  be  estimated  with  the 
following  short  method. 


Estimation  of  Maximum  DiHerantial  Velocity 

Weft  develcx^d  the  following  short  meth.jd  o* 
estimating  the  body -canopy  separation  velexity  at 
line-Sfretch.  it  tias  proven  to  be  quite  useful  rwc.ai.se 
for  many  practical  systems  the  approximation  to 
measured  values  is  time  the  functional  ■elationship 

&*max*o  mfU>  <cOS,pll/7mp\  6 5 

plotted  in  f- igure  b 5 for  differential  values  of  the 
bexfv  acceleration  parameter 

Kp  l/»  am  6hra2-ip  CqA  l//7mp)  Uph^  6-6 

where 

ftp  “ initial  vefocifv  of  body  and  decelerate# 

I W p * drag  area  of  dri-loving  dexelerator 
(w/pitot  chute  when  applicable) 

If  • unstretched  length  of  lines  and  users 

ntp  m m»»  nf  decelerator  • mc  * rrtf/2 

/rtp  - mass  of  body 

Co*  " drag  area  of  body 
¥p  * velocity  of  txxfy  at  line  streti  n 

The  curve  for  Kp  ■ 0 corresponds  to  decelerator 
deployment  from  a body  approaching  terminal  condi 
lions.  Tor  other  cases  when  acceleration  o*  the  body 
is  significant  Kp  > 0 and  should  be  taken  into  at 
count. 
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Figure  6.7  Effect  of  Dapioymant  Bag  on  Relative  Magnitude  of  Snatch  Fotca  During  Dapioymant  of  a 
28  Ft  D0  Solid  Flat  Circular  Parachute 


The  differential  velocity  between  the  deploying 
canopy  and  the  towing  body  may  be  augmented  by 
forcible  ejection  of  the  decelerator.  which  tends  to 
shorten  the  time  to  line-stretch34®'34?  The  effect  is 
too  variable  to  generalise  when  the  decelerator  is 
eiected  at  some  angle  to  the  flight  path  rather  than 
directly  downstream.  Very  often  the  transversely 
eiected  decelerator  will  reach  line-stretch  before  the 
deployment  members  have  been  swept  back  to  the 
trailing  position.  The  snatch  force  is  seldom  critical 
in  such  cases 

Canopy  Distributed  Mm  During  Deployment 

Referring  back  to  Figure  6.3,  the  line  bundle  has  a 
distributed  mass,  each  increment  of  which  attains  a 
different  A*  between  zero  and  Aemjur  before  being 
re-accelerated  to  the  system  velocity.  Also,  die  cano- 
py bundle  has  a distributed  mass  that  ma\  be  concen- 
trated in  a deployment  bag  during  the  interval  f f to 
f 2-  but  which  during  the  interval  rj  to  tj  can  be 
partially  re-distributed,  the  bag  containing  the  crown 
continuing  to  decelerate  'while  the  skirt  mass  is  being 
re- accelerated-  The  entire  deployment  process  is  re- 
sisted somewhat  by  the  variable  force  required  to 
extract  lines  and  canopy  from  the  deployment  bag. 
In  those  cases  when  the  straight-aft  deployment 
interval  is  short  and  the  trajectory  of  the  pack  devi- 
ates very  little  from  that  of  the  towing  body  the  para- 
chute deployment  process  can  be  viewed  as  one- 
dimensional (tangent  to  the  body  trajectory),  and  the 
effects  of  the  variable  mass  distribution  may  be  more 
readily  visualized.  This  approach  to  the  study  nf 
snatch  force  was  adopted  by  McVey  and  Wolf 344 , 
where  it  was  found  that  detail  allotment  of  average 
mass  distribution  in  the  system  is  critical.  A com- 
parison of  measured  and  computed  snatch  force  his- 
tories for  two  different  parachutes  in  test  operations 


is  presented  in  Figure  6.6.  The  effect  of  different 
assumptions  as  to  details  cf  canopy  mass  distribu- 
tions are  indicated.  The  time  required  for  the  canopy 
nass  to  respond  to  unlocking  of  the  retaining  flaps 
inside  the  deployment  bag  is  denoted  by  Arm.  (See 
also  Chapter  7.) 

Reduction  of  Snatch  Forces 

Clearly,  the  energy  absorbing  capacity  of  decelera- 
tor materials  such  as  woven  nylon  and  similar  textiles 
is  large  because  of  the  unusually  great  viscoelastic 
elongation  they  exhibit  in  conjunction  with  charac- 
teristic strength-weight  ratios  over  3.5  times  that  of 
steel.  This  fact  has  tended  to  encourage  the  develop- 
ment of  snatch  force  limiting  methods  aimed  more 
at  drag  reduction  rather  than  impact  attenuation 
through  augmentation  of  A I in  the  rigging  joining  the 
canopy  to  the  body.  However,  the  introduction  of 
high-strength  Kevlar  materials  has  renewed  interest  in 
impact  attenuation  methods  compatible  with  the  low 
relative  elongation  of  risers  and  suspension  lines  made 
of  Kevlar  textiles.  Drag  reduction  during  deployment 
will  reduce  the  via  ten  force  in  direct  proportion  to 
the  differential  velocity  decrement  achieved  (Eq.  6-2) 
while  the  effectiveness  of  impact  attenuation  meas- 
ures will  tend  to  vary  only  as  the  square  root  of  k. 

The  deployment  bag  was  developed  as  a means  of 
limiting  snatch  forces  and  is  now  widely. used  for  this 
purpose  as  well  as  a convenient  means  of  packaging 
the  decelerator.  Reduction  of  Av^^  is  augmented 
by  the  resistance  of  line  and  canopy  restraints  in  the 
bag"55571.  Another  common  method  of  drag 
reduction  employs  a hesitator  band  around  the  cano- 
py mouth  at  the  skirt  in  those  systems  deployed 
canopy  first.  The  snatch  force  breaks  the  lashings  of 
the  skirt  hesitator,  thus  freeing  the  canopy  mouth  for 
inflation.  In  personnel  parachutes  a similar  function 
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is  performed  by  the  canopy  sleeve. 

Canopy-first  deployment  of  parachutes  with  free 
skirt  is  still  a common  practice  in  personnel  escape 
and  light  airdrop  systems.  When  the  canopy  mouth 
opens  partially  during  deployment , separation  of 
canopy  and  body  is  accelerated,  &vm9x  is  increased 
and  the  resultant  snatch  force  is  maximized.  Typical 
recorded  data  frcm  two  parachute  tests  at  the  same 
dynamic  pressure  in  Figure  6.7  illustrate  the  effect  of 
the  deployment  bag. 


Figure  6.8  Force  Record  for  Pitot  Chute  Bridle  Ten 

HitfvOnset  Impact  Shock 

Some  decelerator  configurations  have  been  attend- 
ed by  local  accelerations  of  components  at  very  high 
rates  during  deployment  such  that  the  mass-inertia  of 
the  material  creates  stress  concentrations  and  the 
elastic  properties  of  the  material  limit  the  velocity  at 
which  strain  can  be  propagated  throu/i  the  member. 
Hi yi  onset  impact  shocks  of  this  type  have  been  en- 
countered in  the  bridle  member  joining  a drogue  riser 
to  the  deployment  bag  of  the  following  stags  when 
the  length  of  the  bridle  was  excessive.  Similar  condi- 
tions have  existed  in  bridles  attached  to  the  projectile 
of  a drogue  gun  or  to  an  extraction  rocket.  However, 
the  condition  most  difficult  to  cope  with  is  found  in 
the  permanently  attached  pilot  chute,  because  the 
drag  of  the  fully  inflated  pilot  chute  not  only  aug- 
ments but  also,  along  with  the  momentum  of  the 
included  air  mass,  adds  directly  to  the  impact  load. 
Under  such  conditions  when  the  total  energy  capacity 
of  the  bridle  was  exceeded,  failures  occurred  in  free 
lengths  away  from  the  joints  or  end  fittings  and  fre- 


quently at  two  points  near  opposite  ends  at  the  same 
time.  A classic  example  was  found  in  the  pilot  chutes 
of  the  Apollo  main  parachute  cluster.  Double-break 
bridle  failures  were  experienced  in  two  different  de- 
velopment tests  and  these  events  stimulated  an  inten- 
sive laboratory  investigation349  in  which  the  failures 
were  duplicated  in  a dynamic  test  rig.  and  Jorce-time 
records  obtained.  Figure  6.8  gives  a typical  example. 
The  recorded  load  onset  is  in  the  order  of  7.8  million 
pounds  per  second  in  a two-ply  bridle  of  3100  lb 
3/4  inch  webbing.  The  resultant  strain  waves  were 
propagated  back  and  forth  along  the  23  foot  bridle  at 
a velocity  of  5550  fps  following  a simulated  pilot 
chute  impact  at  Avmax  = 285  fps.  Impact  shock 
effects  increase  progressively  with  hvmax,  and  the 
velocity  at  which  the  onset  of  strain  waves  becomes 
critical  will  vary  from  system  to  system  as  a function 
of  the  velocity  of  sound  in  the  structural  material. 


INFLATION 

Deceteretor  inflation  it  characterized  at  being 
either  " infinite " or  " finite " man  depending  on  the 
extent  of  system  velocity  decream  during  this  func- 
tional pham.  A negligible  velocity  decream  results 
Iron,  an  " infinite  man"  inflation  m exemplified  by 
aircraft  deceleration  applications.  A "finite  man"  in- 
flation producm  measurable  system  velocity  decream 
m realized  during  personnel  airdrop  applications. 

The  inflation  procan  is  governed  by  the  shape  of 
the  canopy  gores  in  the  skirt  area  and  the  man  and 
porosity  parameters  of  the  canopy.  Early  in  the  fill- 
ing procem  other  leu  tangible  influencm  are  at  work 
which  have  introduced  an  element  of  randomnen 
into  the  inflation  characteristics  of  many  parachute 
systems. 

The  Inflation  Process 

Stages  in  the  inflation  of  a typical  parachute  in  a 
finite  mass  system  are  illustrated  schematically  in 
Figure  6. 9A.  It  has  been  observed  that  as  the  canopy 
mouth  opens,  (a)  a substantial  volume  or  "bail"  of 
air  (b)  charges  down  the  length  of  the  limply  stream- 
ing tube  of  fabric  to  the  apex.  At  this  instant,  (cl 
the  crown  begins  to  fill  continuously  like  a balloon 
being  inflated  through  a conical  duct  (d)  but  canopy 
expansion  is  resisted  by  structural  inertia  and  tension 
(e  and  f).  By  definition,  full  inflation  is  completed 
when  the  canopy  first  reaches  its  normal  steady-state 
projected  area,  i.e.,  subsequent  over-expansion  (g)  is 
a distortion  due  mainly  to  the  momentum  of  the 
surrounding  air  mass. 
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<□  a)  Opening  of  Canopy  Mouth 


b)  Air  Mass  Moves  Along  Canopy 


Figure  6.9A  Stages  in 

Intermediate  stages  added  to  the  inflation  process 
by  skirt  reefing  are  illustrated  in  Figure  6.9B.  The 
peak  opening  force  usually  occurs  at  the  end  of  the 
rapid  phase  of  reefed  filling  when  the  reefing  line  first 
comes  taut  (a').  A short  time  later  (normally  a small 
fraction  of  a second)  the  canopy  is  expanded  by  its 
radial  momentum  and  the  reefing  line  tension  reaches 
its  maximum  (b*).  During  the  reefed  interval  most 
canopy  designs  retain  a constant  inflated  shape,  but 
the  Ringsail  and  low  porosity  gliding  canopies  con- 
tinue to  fill  slowly.  At  disreefiog,  tension  in  the  can- 
opy skirt  causes  it  to  snap  quickly  to  a larger  dia- 
meter (c‘). 

When  compressibility  effects  are  small,  e.g.,  r,  < 
300  fps  TAS,  the  characteristic  inflation  process  of 
any  given  canopy  entails  the  ingestion  of  an  essential- 
ly constant  volume  of  air  through  the  mouth  opening 
to  completely  develop  the  normal  inflated  shape.  Of 
the  total  air  ingested,  a major  fraction  is  retained  in 
semi-stagnant  form  in  the  canopy  while  the  rest  pass- 
es through  the  porous  walls.  Inflation  continues 
steadily  as  long  as  a favorable  pressure  distribution 
exists  and  no  structural  constraints  such  as  skirt  reef- 
ing are  encountered,  i.e.,  the  integrated  radial  pres- 
sure forces  remain  greater  than  the  integrated  radial 
tension. 


Parachute  Inflation 
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Figure  S.9B  Intermediate  Stages  of  Inflation 
Process  Added  by  Skirt  Reefing 
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HORIZONTAL  TRAJECTORY 


Figure  6. 108  Normalized  Canopy  Ana  Growth  Dur- 
ing Inflation  of  35  Ft  (Dp)  10%  Flat 
Extended  Skin  Parachute 


When  the  total  porosity  is  excessive,  equilibrium 
between  radial  pressure  and  structural  tension  will 
occur  before  the  canopy  is  completely  filled  and 'the 
"squid"  configuration  results.  The  amount  of  poro- 
sity that  can  be  tolerated  in  an  inflating  parachute 
varies  with  the  constructed  shape  of  the  canopy  as 
defined  mainly  by  the  effective  angle  of  attack  of  the 
skirt.  This  is  a function  of  the  relative  length  of  the 
suspension  lines  {lg/D0)  and  the  shape  of  the  gore 
pattern. 

Slotted  canopies  of  the  ribbon  and  ringslot  types, 
both  flat  and  conical,  retain  a positive  opening  ten- 
dency at  much  higher  total  porosity  levels  as  indica- 
ted by  the  curves  of  Figures  8.5  and  8.6.  This  is 
attributed  to  the  difference  in  the  character  of  the 
through-flow  in  slots  relative  to  fabric  pores,  the  for- 
mer functioning  like  sharp-edged  orifices  with  a 
marked  jet  contraction  effect,  thereby  offering  a rela- 
tively greater  through-flow  resistance350 


Figun  8.11  Meaeured  Area  Growth  During  Inflation  of  85.8  Ft  (Dg)  Modified Jtinmail  Parachute  hVfth  Two 
Roofed  Stagae  (S£  m Projected  Area  at  End  of  Stage) 
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Figure  6. 12  Schematic  - Blanketing  of  Canopy  Air 
Inlet  by  Inward  Folding  of  Skirt  Fab- 
ric Between  Suspension  Lines  With 
and  Without  Pocket  Bends 

Canopy  Area  Growth  During  Inflation 

The  inflation  of  circular  parachutes  is  attended  by 
a characteristic  increase  in  inflated  diameter,  or  pro- 
jected frontal  area,  with  time  as  exemplified  by  the 
measurements  obtained  from  various  tests  plotted  in 
Figure  6.10  and  6.1 1 . Additional  projected  area-time 
relationships  acquired  during  wind  tunnel  and  full 
scale  drop  test  programs  are  found  in  Refs.  340, 341, 
and  361-36S. 

The  changing  shape  and  effective  porosity  during 
canopy  inflation  cause  the  drag  coefficient  to  increase 
at  the  same  time  the  projected  area  is  increasing;  The 
fineness  ratio  of  the  expanding  canopy  decreases  to 
that  of  a bluff  body,  and  the  effective  porosity,  ini- 


tially quite  high  in  the  pressurized  crown  area, 
decreases  to  a minimum  value  during  steady  descent. 

If  both  Cop  and  Sp  increase  linearly  with  time, 
their  product,  CqS.  would  increase  as  a function  of 
t*.  Normally  the  projected  diameter  increase  is  non- 
linear with  time  so  that  C[)S  becomes  a function  of 

and  the  exponent  usually  falls  between  n = 2 arid 
n = 3 depending  on  how  CDp  increases  with  time. 
These  values  of  n are  generally  indicative  of  the  filling 
behavior  of  non-reefed  canopies  or  of  a reefed  canopy 
after  disreefing. 

Inflation  of  Clustered  Canopies 

Clustered  canopies  of  all  types  have  a strong  ten- 
dency to  inflate  at  different  rates  which  leads  to  sub- 
stantial inequity  of  load  sharing.  (See  page  247  and 
Refs.  194  , 358  and  359.)  The  least  divergence  be- 
tween leading  and  lagging  canopies  occurs  in  systems 
having  relatively  long  inflation  times  or  low  decelera- 
tion rates  (e.q.,  the  USD-5  two-canopy  cluster  1 ). 

Synchronization  of  cluster  canopy  inflation  is  greatly 
improved  with  the  permanently  attached  system 
described  by  Buhler  and  Wailes360. 
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Figures.  13  Effect  of  Skirt  Spreading  Gun  end 
Canopy  Apex  Retraction  on  the  Open- 
ing Time  of  Personnel  Parachutes 
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The  inflation  of  clustered  canopies  during  the 
reefed  interval  is  somewhat  less  divergent  than  after 
disreefing.  Typically,  pyrotechnic  reefing  line  cutters 
have  a timing  variation  in  the  order  of  ±10  percent  at 
any  given  temperature.  On  the  average, 'such  timing 
variations  result  in  non-synchronous  disreefing  of  the 
canopies  in  a cluster.  This  in  itself  does  not  cause 
non-synchronous  opening  of  the  parachutes  but 
aggravates  the  inequity  of  load  sharing  as  shown  by 
Moeller362 

During  the  reefed  interval  any  disparity  in  area 
growth  between  canopies  tends  to  diminish  as  the 
level  of  system  deceleration  decreases.  Non-synchro- 
nous disreefing  may  aggravate  or  alleviate  the  dispar- 
ity between  member  canopies  depending  upon 
whether  the  lead-canopy  or  the  lag-canopy  disreefs 
*irst.  The  effect  is  most  pronounced  when  the  disreef 
t.me  differential  between  canopies  is  a large  fraction 
of  the  normal  filling  time36?  Occasionally  this  has 
caused  leading  and  lagging  canopies  to  reverse  their 
roles  on  disreefing.  The  theory  that  aerodynamic 
interference  between  canopies,  so  callod  "blanketing" 
was  responsible,  motivated  a series  of  experiments 
with  modified  main  parachute  designs.  No  significant 
change  in  the  disparity  of  opening  loads  was  effected 
with  two  and  three  parachute  clusters  (Ref.217 ) Since 
each  parachute  in  a cluster  is  being  decelerated  inde- 
pendently of  its  growth  in  drag  area,  no  change  in 
canopy  or  system  design  will  alter  that  fact  other 
than  one  which  works  to  retard  the  growth  of  the 
leading  canopy  or  accelerate  the  growth  of  lagging 
canopies363 


Canopy  Inflation  Aids 

As  the  canopy  skirt  mass  reaches  line-stretch  and  is 
re-accelerated  by  the  snatch  force,  much  of  the  slack 
material  around  the  mouth  where  the  air  must  enter 
begins  to  flutter.  This  has  an  intermittent  blanketing 
effect  (Figure  6.12a)  which  obstructs  entry  of  the  air 
and  the  beginning  of  effective  imflow  iri  a random 
way  that  may  inordinately  lengthen  the  filling  process 
and  so  delay  the  initial  growth  of  canopy  drag.  This 
problem  has  been  attacked  in  different  ways  with 
varying  effectiveness  and  utility.  Opening  springs  are 
used  in  small  pilot  chutes.  Skirt  stiffeners  have  been 
moderately  successful  in  some  canopies  but  are  little 
used  because  an  effective  degree  of  stiffness  is  incom- 
patible with  typical  packing  requirements.  Pocket 
bends  can  be  employed  in  any  canopy  that  has  an 
adequate  degree  of  skirt  arching  between  radials  when 
fully  inflated.  These  limit  the  inward  motion  of  the 
fluttering  skirt  fabric  between  radials  as  shown  in 
Figure  6.12b  and  so  reduce  the  mouth  blanketing 
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Figure  6. 14  Parachute  Critical  Opening  Speed 
Vs,  Total  Effective  Porosity 


effect  and  greatly  increase  the  statistical  frequency  of  i 
air  inflow  events  at  this  critical  moment  in  the  infla- 
tion process.  The  result  is,  the  total  filling  time  of  j 
the  canopy  is  made  more  repeatable  about  is  mini- 
mum value  for  any  given  set  of  operational  condi-  i, 
tions36*  | 

Canopy  apex  retraction  with  a central  line  (Figures  j 
6.13  and  6.68)  also  may  be  employed  as  an  inflation  j 
aid  at  low  dynamic  pressures  4S.227,358,365,366  Re.  < 

duction  of  canopy  tension  by  this  means  enables  the  j 
skirt  to  expand  more  readily,  but  at  the  same  time  it 
transfers  the  peak  inflation  pressure  away  from  the 
central  vent  to  an  annular  region  of  less  structural 
strength.  * 

Use  of  small  internal  canopy  to  quickly  open  the 
mouth  of  a larqe  canopy  has  been  tested  in  various 
forms  45.358,365,366  anq  js  being  developed  to  a 
serviceable  level  for  specific  applications. 

The  flared  skirt  or  bell-mouth  canopy  shape  in-  ! 

creases  the  average  angle  of  attack  of  the  skirt  panels 
between  radials.  The  Exeter  and  Ringsail  parachutes 
have  this  characteristic. 
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Figure  6.  IS  Measured  Filling  Time  Vs  Snatch  Velocity  of  Solid  Cloth  Circular  Parachute  (Non- Reefed) 


Canopy  spreaders  of  the  types  described  in  Chap- 
ter 3.  forcibly  open  the  canopy  mouth  to  a significant 
fraction  of  its  final  area.  The  effectiveness  of  the 
skirt  spreading  gun  in  terms  of  canopy  opening  time 
at  different  flight  speeds  is  shown  in  Figure  6.13. 
The  filling  time  is  reduced  significantly  atlow  speeds, 
indicating  a substantial  reduction  in  the  distance 
traveled,  i.e.,  altitude  lost  during  canopy  inflation. 
Although  the  effect  on  filling  time  become:  small  at 
intermediate  to  high  speeds,  the  canopy  mouth  open- 
ing is  greater  than  normal  with  a consequent  shorten- 
ing of  the  filling  time  and  augmentation  of  the  open 
ing  force,  a feature  important  in  air-crew  escape  sys- 
tems which  must  operate  safely  over  a broad  spec- 
trum of  flight  speeds227- 387  368 

Critical  Opening  Spaed  ("Squidding") 

The  critical  (maximum)  opening  speed  is  defined 
as  the  lowest  speed  at  which  the  canopy  does  not 
fully  develop.  For  speeds  above  the  critical  opening 
Speed  a parachute  opens  only  to  a squid  state;  it  will 
not  open  fully  unless  the  speed  is  reduced. 

O'Hara  (Ref.  366  ) presents  an  analytical  method 
for  determining  the  critical  opening  speed.  However, 
on  the  basis  of  experimental  observation  (Ref.  370  ), 
the  critical  opening  velocity  can  be  estimated  by  as- 
suming that  the  drag  of  a squiddfng  canopy  is  at  least 
one-sixteenth  the  drag  of  the  fully  inflated  canopy. 
This  then  means  that  if  a canopy  is  selected  with  a 
critical  opening  speed  not  less  than  four  times  the 
equilibrium  descent  velocity,  and  the  parachute  is 
deployed  at  a velocity  greater  than  its  critical  opening 
speed,  the  steady  drag  of  the  squidded  canopy  will  be 
greater  than  the  weight  of  the  load  (steady-state  drag 


of  fully  inflated  canopy),  and  the  load  will  be  contin- 
ually retarded  until  the  parachute  canopy  reaches  the 
critical  opening  speed  and  it  opens  fully. 

With  respect  to  critical  openinq  speed,  the  aov- 
erning  design  parameters  for  a parachute  canopy  are: 

(1)  Total  porosity  or  permeability  of  the  canopy; 

(2)  Distribution  of  canopy  porosity;  and 

(3)  Shape  of  the  canopy  mouth  opening. 

The  measured  variation  of  the  critical  opening 
speed  of  solid  cloth  parachutes  with  effective  poros- 
ity of  the  canopy  is  shown  in  Figure  6. 14.  The  effec- 
tive porosity  in  this  case  is  for  Ap  - 52  psf,  i.e.,  the 
British  standard  of  10  inches  of  water.  Data  points 
from  Reference  356  are  included,  with  - 100 
cfm/ft1  for  the  28  ft  canopy  corrected  for  the  differ- 
ence between  Ap  » 0.5  and  10  inches  of  water  (see 
Figure  6.56).  Note  that  at  the  period  of  Reference 
371  the  average  air  permeability  of  British  parachute 
cloths  ran  two  to  three  times  that  of  U.  S.  parachute 
cloths.  The  unfavorable  effect  of  this  on  the  critical 
opening  velocity  of  British  parachutes  was  countered 
by  development  of  the  flared  skirt  of  "Exeter"  design. 

Figure  6.14  shows  that  the  critical  opening  speed 
is  clearly  art  inverse  function  of  the  effective  porosity, 
a logical  consequence  of  two  important  factors: 

(1)  Inflation  cannot  proceed  until  the  ratio  of  air 
inflow  to  air  outflow  becomes  greater  than 

UP 

(2)  In;-  on  will  continue  until  equilibrium  is 
reached  between  internal  air  pressure  and 
structural  tension. 

It  is  well  known  that  parachute  squidding  can  occur 
in  any  partially  inflated  condition.  Other  things 
being  equal,  the  amount  and  distribution  of  porous 
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area  across  the  canopy  is  the  governing  factor;  and  a 
lelevant  parameter  would  describe  canopy  porosity  as 
a function  of  its  radial  position  in  the  canopy  379. 
Canopy  Filling  Time 

The  measured  filling  time  of  parachutes  was  found 
to  vary  inversely  with  true  air  speed  at  line  stretch  as 
shown  in  Figure  6.15.  Also,  it  was  noted  that  "the 
larger  the  parachute,  the  longer  the  filling  time". 
From  these  observations  came  the  familiar  empirical 
formula  for  parachute  filling  time. 

tf  - /TV's  6-7 

which,  with  the  substitution  of  v for  v may  be  writ- 
ten 

Ks=tfv/D0  6-8 

380 

and  Ks  will  be  recognized  as  Scheubel's  constant 
filling  distance  expressed  in  canopy  diameters.  But 
since  the  average  velocity,  v,  during  the  "finite  mass" 
"filling  interval  is  not  readily  determined,  the  velocity 
at  line  stretch  is  used  instead,  and  appropriate  values 
for  K and  n are  determined  by  curve  fitting  to  meas- 
ured data  plots.  For  the  flat  circular  ribbon  para- 
chute, Knacke372  recommended  the  relationship 

tf(0  Dg/Vg-9)  (p/p0y8  6-9 

where  the  altitude  effect  indicated  by  the  density 
ratio  was  later  deleted  as  inaccurate.  No  correlation 
of  canopy 1 filling  time  with  either  altitude  or  unit 
canopy  loading  is  found  in  the  data  for  the  non-reef- 
ed  solid  cloth  circular  canopy  presented  in  Figure 
6.15.  The  35  ft  (D0!  extended  skirt  parachute  in  Fig- 
ure 6.15  was  deployed  at  altitudes  ranging  from  near 
sea  level  to  over  38  thousand  feet367  The  light- 
weight test  specimens  were  of  the  standard  T-10 
troop  parachute  design  with  four  4-ft  risers.  The 
heavyweight  test  specimens  were  of  the  same  basic 
geometry  made  of  2.25  oz  nylon  cloth  (compared  to 
1.1  oz  ripstop)'  and  1500  oz  nylon  cord  (compared 
to  375  lb  cord)  but  without  the  standard  vent  cap. 
Consequently,  the  average  effective  porosity  of  the 
T-10H  canopy  was  approximately  34  percent  greater 
than  that  of  the  standard  T-10  canopy,  the  difference 
deriving  mainly  from  the  greater  air  permeability  of 
the  2.25  oz  cloth. 

The  difference  in  canopy  effective  porosities 
(estimated  at  C * 0.032  for  the  T-10  and  C 0.043 
for  the  T-10H)  causes  a visible  separation  of  the  data 
points  for  the  two  versions  ih  Figure  6.15,  the  more 
porous  heavyweight  canopies  having  the  longer  filling 
times.  The  simplified  form  of  the  filling  time  formula 
(Eq.  6-7  with  n « 1.0)  developed  in  Reference  3S7  is 
a convenient  tool  for  appraising  the  significance  of 
the  discernable  data  trends  in  the  figure.  Below 
300  fps  no  significant  deviations  from  the  constant 


filling  distance  theory  are  visible.  The  maximum  fill- 
ing time  boundary  of  the  T-10  canopy  is  delineated 
roughly  by  K - 8 while  the  mean  filling  time  curve 
for  the  T-10H  is  marked  by  K = 10,  both  being 
reasonably  valid  to  vf  = 350  fps.  However,  it  was 
noted  in  Reference  357  that  "a  squidding  velocity  of 
approximately  325  fps  appears  to  exist  for  the  T-10 
canopy,  while  the  data  for  the  high  strength  canopy 
design  does  not  indicate  a squid  condition  at  speeds 
in  excess  of  400  fps". 

Filling  Intervals  with  "Infinite  Mass".  Most  tests 
of  drogue  type  decelerators  approach  the  inifinite- 
mass  case,  and  justify  the  assumption  that  v = vs 
This  is  reflected  in  the  empirical  formula  derived  by 
Fredette374  for  the  filling  time  of  slotted  canopies. 
With  n-  1.0 

tf  *0.65^0^  6-10 

where  0.65  \g  = K$  is  essentially  equal  to  the  canopy 
filling  distance  in  nominal  diameters.  This  relation- 
ship was  derived  from  a number  of  subsonic  and 
supersonic  test  measurements  with  a variety  of  exper-  ■ 
imental  ribbon  drogue  parachutes  compiled  in  Refer- 
ences 209,  375  and  376.  Despite  the  usual  scatter,  the 
data  appeared  to  conform  with  this  relationship  well 
into  the  supersonic  regime  to  about  Mach  2.5.  How-  I 
ever,  more  recent  work  has  produced  a 

general  shift  of  the  data  toward  longer  supersonic 
filling  times  than  are  predicted  by  Equation  6-1,0. 

Greene37Sshows  good  agreement  between  meas- 
ured and  predicted  filling  distances  up  to  about  Mach 
2.5  in  Figure  6.16,  using  the  relationship 

Sf/0o~Ks(Pc/pJ  6-11 

where  pn  is  the  air  density  in  the  canopy  calculated 
with  the  assumption  that  at  supersomc  velocities  the 
canopy  fills  behind  a normal  inlet  shock.  This  as- 
sumption and  given  data  supports  the  concept  of  a 
constant  supersonic  filling  time  for  any  given  para- 
chute, as  exemplified  by  the  straight  line  in  the  fig- 
ure. Reasonable  correlation  with  all  data19  is  shown 
above  Mach  1 up  to  Mach  3.2,  the  present  maximum 
velocity  attained  in  large  parachute  tests  at  altitudes 
in  the  range  from  120  to  170  thousand  feet.  The  re- 
sults show  a gradual  transition  from  a roughly  con- 
stant filling  distance  to  a rougoly  constant  filling  time 
between  Mach  0.3  and  approximately  Mach  1.  This 
line  of  reasoning  is  strengthened  by  the  empirical 
correction  to  Greene's  theory  presented  ih  Reference 
2°. 

A similar  result  is  obtained  by  applying  the  density 
ratio  to  Equation  6-10  rearranged  to  a form 

tf/D0-(.65\!/vs}(pc/pJ  6-12 
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Figure  6. 16  Effect  of  Compressibility  on  Filling  Distance  of  Non- Reefed  Parachutes 


Comparison  with  empirical  data  in  Figure  6. 17  shows 
good  correlation  subsonically  with  Knacke'^72ribbon 
parachute  filling  time  725  to  75  percent).  The 
majority  of  the  earlier  measurements,  also  plotted, 
follow  the  general  trend  and  it  appears  that  Equation 
6-10  would  give  increasingly  unreliable  results  above 
Vj  • 500  fps. 

Wolf37?  in  the  course  of  developing  a simplified 
momentum  theory  of  parachute  inflation,  defines 
another  dimensionless  filling  time  parameter  in  the 
relative  fillihg  distance  form, 

tf-tfVg/rp 

and  finds  good  correlation  of  this  parameter  with 
parachute  mass  ratio 

R'm-3mp/p4*r£  6-13 

and  Mach  number  as  shown  in  Figure  6.18.  The 
curves  were  computed  for  the  disk-gap-band  para- 
chute for  which  available  empirical  data  were  of  good 
quality.  !t  can  be  demonstrated  that  a cross-plot  of 
t}  at  any  mass  ratio,  R*m,  on  the  theoretical  curves 
between  Mach  1.5  and  3 shows  a linear  relationship 
of  filling  distance  with  Mach  number  similar  to  that 
suggested  in  Figure  6.16.  This  further  indication  that 
the  filling  time  of  a given  parachute  may  be  constant 
in  supersonic  flow  tends  to  support  Greene's  thesis 
that  filling  takes  place  behind  a normal  inlet’shock. 


All  canopies  necessarily  start  filling  as  elongated  tubu- 
lar ducts,  a form  most  likely  to  generate  a normal 
shock  at  the  inlet,  and  the  data  seem  to  attest' that 
above  Mach  1.5  to  at  least  Mach  3 the  airflow  veloc- 
ity into,  the  canopy  mouth  stays  nearly  constant. 
Supersonic  parachute  dynamics  after  fuil  inflation  is 
another  matter;  the  shock  pattern  has  been  observed 
to  fluctuate  rapidly  between  normal  and  oblique  as  > 
the  canopy  pulsates.  When  test  specimens  of  optimal 
supersonic  drogue  design  are  used  and  the  variable 
opening  element  in  their  operation  minimized,  likely 
the  inflation  characteristic  will  fall  somewhere  be- 
tween the  limits  represented  by  Equations  6-10  and 
6-12.  This  can  be  anticipated  on  theoretical  grounds 
when  it  is  allowed  that  the  inlet  shock  coulb  change 
from  normal  to  oblique  during  the  inflation  process. 
Then  the  average  inflow  velocity  would  be  greater 
than  sonic  and  the  average  air  density  less  than  is 
predicted  for  the  normal  shock  case. 

Reefed  Canopy  Filling  Intervals.  The  reefed  cano- 
py fills  like  a non-reefed  canopy  for  a short  interval 
until  the  reefing  line  comes  taut.  Thereafter,  the  fill- 
ing slows  to  a lower  rate  that  may  continue  through- 
put the  reefed  interval.  Canopy  growth  during,  the 
reefed  interval  is  slight  for  most  designs  of  normal 
porosity,  and  signific  rt  for  both  low  porosity  (high- 


251 


glide)  and  ringsail  designs.  The  reefed  Parawmg.  for 
example,  develops  bulbous  lobes  which  are  quite  large 
in  proportion  to  the  reefed  inlet  area.  The  reeled  Sail- 
wing also  exhibits  a pronounced  bulbous  develop- 
ment. At  disreefing,  the  canopy  opens  quickly  and 
inflation  is  completed  at  a faster  than  normal  rate  be- 
cause the  reefing  line  is  under  tension  when  severed. 

Dimensionless  filling  parameters  for  reefed  cano- 
pies may  be  defined  in  various  forms  of  which,  the 
following  is  a useful  example: 

KS  - ^12v12^0  6-14 

where  At12  is  the  time  required  for  the  canopy  to  in- 
flate from  its  initial  condition  at  either  line  stretch  or 
disreef  to  the  full  condition  for  the  given  stage,  and 
itj 2 is  the  average  velocity  over  the  filling  interval  as 
in  Equation  6-8. 


Measured  Filling  Distance.  In  parachute  tests 
approximating  infinite  mass  conditions  and  well'; 
instrumented  finite  mass  tests,  it  is  possible  to  deter- 
mine the  average  velocity  during  the  canopy  filling 
intervals,  because  either  the  initial  velocity  does  not 
decay  significantly  during  filling  or  the  velocity-time 
history  is  known.  Values  of  the  relative  filling  dis- 
tance, Ks,  calculated  by  substitution  of  test  data  of 
this  type  in  Equations  6-8  and  6-14  are  given  in  Table 
6.1  for  a number  of  different  parachutes  both  reefed 
and  rion-reefed.  For  some  of  the  non-reefed  para- 
chutes, finite  mass  conditions  prevailed  at  low  alti- 
tude while  infinite-mass  conditions  prevailed  at  very 
high  altitudes.  Data  for  evaluation  of  the  relative  fill- 
ing distance  after  disreefing  under  finite  i .ass  condi- 
tions are  less  available  as  indicated. 


O 

O 


Flat  Ribbon 
Flat  Ribbon 


Figure  6.17  Apparent  Variation  of  Filling  Time  With  Velocity  tor  Slotted  Canopies  ( Infinite  Mass  Condition I 
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Opening  Forces 

During  the  inflation  of  a parachute  or  similar 
towed  ballistic  type  decelerator  an  aerodynamic  force 
is  developed  tangential  to  the  flight  path  that  varies 
with  time  in  the  characteristic  ways  illustrated  in  Fig- 
ures 6.19, 6.21,  6.22  and  6.23. 

The  opening  force  characteristics  of  solid  doth 
circular  parachutes  have  been  comprehensively  evalu- 
ated in  full  scale  aerial  drop  tests  and  analyzed  in 
great  detail  by  Bemdt  and  DeWeese381using  Air  Force 
Type  C-9  28  ft  (D0)  personnel  parachute  as  a test 
model.  Similar  work  was  carried  out  by  Watson  and 
DeWeese367  with  two  structural  versions'  (light  and 
heavy)  of  the  Type  T-10  35  ft  (0^)  10%  flat  extended 
skirt  parachute.  Figure  6.24  utilizes  data  from  the 
C-9  tests  to  provide  a correlation  between  canopy 
shape  during  inflation  and  the  corresponding  instan- 
taneous force.  One  point  of  interest  is  (6)  which  is 
near  the  initial  force  peak  and  represents  the  comple- 
tion of  that  portion  of  the  inflation  process  where  the 
canopy  is  filling  from  "skirt-to-vent"  (see  inflation 
stage  (c)  in  Fig.  6.9A).  Additional  force-time  histor- 
ies from  the  C-9  tests  as  shown  in  Figures  6.19  and 
6.20  exhibit  the  pronounced  double  force  pulse  of 
this  parachute,  the  second  peak  occurring  close  to  full 
inflation. 

The  relative  magnitude  of  the  two  peak  forces, 
Ft/F0,  varies  with  snatch  velocity,  altitude,  flight- 
path  angle,  and  canopy  loading  as  shown.  The  ratio 
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of  the  initial  to  final  peak  loads,  is  shown  to  be 
strongly  dependent  on  parameter  AK  in  Figure  6.20  a. 

By  definition 

- ff/ekVy  ®» ( p0D03/mb ) a2°  6-15 

where  e is  the  instantaneous  elongation  of  the  suspen- 
sion lines  in  percent,  based  on  an  assumed  linear 
spring  constant  for  the  suspension  line  bundle  defined 
as 

x - PuZ/eJs  . 

such  that 

e - FZ/kuIs 

In  short,  the  force  ratio  is  a i jnction  of  the  elastic 
properties  of  the  parachute  structure  as  well  as  the 
system  mass  ratio  and  the  density  altitude  (See  also 
Reference 383). 

The  effect  of  Froude  number  on  the  maximum 
opening  force  parameter,  Fg/qsS0,  is  shown  to  be 
small  but  significant  in  Figure  6.20  for  different 
values  of 

Fr2  «■  vs2/D0gsin  $ 


TABLE  6.1  PARACHUTE  AVERAGE  RELATIVE  FILLING  DISTANCES  (MEASURED) 


Dia.  Total  Reefing  Rel.  Fill  Dist. 

Parachute  Ca  Porosity  (%  D0)  Mach  (KgJ  Source 

Type  (ft)  \T  (%S0)  Rt  R2  No.  R,  R2  F.O.  Ref. 


Modified 

Ringsail 

85.6 

12.5 

10 

26 

.27 

7.4 

1.3  1.14 

217 

Ringsail 

88.1 

7.2 

11 

- 

.27 

7.6 

- I.D. 

• ■ 

Ribbon 

8.6 

14.6 

— 

— 

.86 

— 

- 9.0 

375 

(Flat) 

- 

21.2 

— 

— 

1.10 

— 

- 14.0 

- 

23.3 

- 

- 

1.10 

- 

- 20.6 

Rotafoil 

6.C 

17.6 

— 

— 

.46 

— 

- 18.3 

(G  = 8) 

7.0 

23.1 

- 

- 

.67 

- 

- 31.0 

Ribless 

9.8 

60* 

— 

.36 

— 

- 4.75 

■ 

Guide 

— 

- 

- 

— 

.51 

- 

- 4.05 

Surface 

— 

— 

- 

— 

.65 

- 

- 3.50 

- 

35* 

- 

- 

1*10 

- 

- 6.0 

Ringsail 

29.6 

14.2 

10.3 

20 

.57 

8.0 

I.D.  I.D. 

217 

56.2 

7.1 

- 

— 

.20 

- ; 

- 7.0 

63.1 

7.1 

12.0 

— 

.30 

5.3 

I.D. 

, 84.2 

7.7 

10.5 

,3-.4 

5.4 

- 2.56 

I 

i 

128.8 

9.8 

12.5  - 

.30 

5.3 

- 1.4 

Extended 

34.5 

100* 

8.1  . - 

.45-.61 

1.9 

I.D. 

1 | 

Skirt 

■ j 

(10%) 

Disk-Gap 

40.0 

12.5 

— — 

<2 

— 

- ,6.0 

19,378 

Band 

- 

- ■ 

3.2 

- 

- 51.0 

Cross 

30.0 

- 

- 

<2 

— 

- 10.0 

- 

- 

- 

1.4 

— 

- 18.0 

' Modified 

31.2 

15 

— 

— 

<2 

* — 

- 7-0 

Ringsail 

- 

- 

- 

- 

2.95 

- 

- 55.0 

377 

Full  Ext. 

67.2 

100* 

7.1 

— 

.35-.51 

3.4 

- I.D. 

200 

Skirt  (14.3%) 

i Hyperflo 

3.7-6.0 

15 

_ 

— 

1.05 

_ 

- 23.0 

378 

f 

- 

. - 

. - 

- 

1.4 

- 

- 36.0 

■ Hemsifio 

5.5-68 

27 

— 

— 

1.1 

— 

- 20.0 

•*- 

— 

— 

— 

— 

1.3 

— 

- 23.0 

I ' NOTE:  I.  D.  * insufficient  Data;  'Material  Permeability  in  CFM/Ft* 

)' 
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C-9  Configuration:  A - Std  lightweight  construction 

C-9  Configuration.  B - Canopy.  90  lb  fin  2.25  oz/yd 1 cloth 
Lines : 1500  lb  Braided  cord 


CANOPY  TYPE  C-9 
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a)  Variation  of  Peak  Force  Ratio 
With  Parameter  Ak 


P°o/mb 

b)  Effect  of  Froude  Number  on  Opening 
Force  Parameter  vt  Mast  Ratio 


Figure  6.20  Opening  Force  Characteristics.  Type  C-9  Parachute 


(Test  No.  04931  W*  250  Lbs 
h - 37,078  Ft 
vs  * 400  fps 
qs3t54psf 

5600 


(Test  No.  0455 ) W*  250  Lbs 

h « 893  Ft 
vs  = 244  fps 
Ft- 2400  Lb*  qzijopsf 


F, -1520  01* 


F0  - 640  Lb* 


.4  .6  .8  1.0 

rtf 


(Test  No.  0577)  Wm  250  Lbs 
A-  17J40  Ft 
vs  ’302  fps 
qs&62.5  psf 


.2  .4  .6  .a-  1.0 

rtf 


Figure  6.21  Measured  Force  vt  Normalized  Tima  During  Inflation  of  T-10H  (High  Strength)  35  Ft  (Dq)  10% 
Extended  Skirt  Parachute  Deployed  Lines  - First  Horizontally  from  Cylindrical  Vehicle  (Ref.  367) 
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PARACHUTE  FORCE (LB) 


TIME— j 1 SEC 


Lint  Stratch  TIME— j 1 S 


a)  32  Ft  U>0)  Ribbon 


Dacaiaration  Parachuta  b)  Ft  U30)  Rlngriot  Parachuta  Bthind  Madlum 

Alreraft 


Figure  8.23  Typical  Opening  Forcaa  of  Aircraft  Declaration  Parachutaa  (Ref.  382) 
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in  which  the  flight  path  angle,  d,  is  assumed  to  be 
essentially  constant  during  the  filling  interval. 

The  Opening  Load  Factor.  Typically  the  instanta- 
neous force  applied  to  the  body  during  the  canopy 
filling  interval  rises  to  a peak  and  then  declines.  The 
maximum  opening  force  is  represented  by  the  dimen- 
sionless ratio,  Fx'Fc-  which  was  formerly  called  the 
"opening  shock"  factor  (X).  But  in  order  to  reserve 
the  term  "shock”  for  acceleration  and  onset  effects, 
the  ratio  has  been  re-identified  as  the  opening  load 
factor 

CX‘FX/Fc  6-16 

where 

Fc*  CqSQs  (a  fictitious  steady  drag  force) 
CqS - drag  area  at  the  end  of  the  filling  interval 

qt « dynamic  pressure  at  the  start  of  the  fill- 
ing interval  * p Vs2/2 

Thus,  for  load  estimating  purposes  the  maximum 
opening  force  is  calculated  with  the  familiar  empirical 
formula 

Fx  m Cq$  <7,  Cx  6-17 

Empirical  opening  load  factors  are  determined  for 
reefed  as  well  as  non-reefed  canopies.  It  is  generally 
assumed  that  irrespective  of  the  decelerator  deploy- 
ment method  used  the  beginning  of  the  filling  interval 
is  signaled  by  the  snatch  force  for  the  first  stage  and 
by  disreefing  for  subsequent  stages. 

It  has  been  found  that  the  peak  opening  load 
factor,  Cx,  of  each  stage  under  any  given  set  of  initial 
conditions  is  mainly  a function  of  the  system  mass 
ratio  as  defined3** as 

pD03/M 

where 

M » mass  of  body  and  decelerator 

Other  significant  parameters  influencing  Cx  in  vary- 
ing degrees  are  Froude  number,  Mach  number,  and  a 
structural  elasticity  parameter  that  is  called  Kaplun 

number  here  for  the  investigator  who  first  proposed 
it385 

The  relationship  Cx  • ftp  D$/M)  provides  a use- 
ful tool  for  the  correlation  of  empirical  opening  force 
data  obtained  from  full-scale  aerial  drop  tests  when 
the  mass  ratio  is  defined  in  the  form  developed  by 
French  for  non-reefed  parachutes^and  later  modi- 
fied foe  convenience  in  Reference  361. 

Rm-p(C0S^n/M  6-18 

where  (CqSJ3*  represents  the  volume  of  air  assoc- 
iated with  the  canopy  in  a form  that  can  be  deter- 
mined readily  for  reefed  as  well  as  non-reefed  deceler- 
ators  of  all  types. 


Empirically  derived  values  of  Cx  and  averaged 
graphically  for  a number  of  different  parachutes  to 
establish  general  trends,  are  plotted  in  Figure  6.25. 

It  will  be  shown  in  Chapter  7 how  the  slopes  of 
the  curves  aid  evaluation  of  the  relative  loads  in  clus- 
tered parachute  during  non-synchror.ous  inflation. 
For  this  purpose  the  curves  have  been  extended  in 
Figure  6.25b  to  encompass  the  mass  ratios  of  large 
lightly  loaded  parachute  systems.  Note  that  because 
decreases  with  altitude,  systems,  such  as  the 
Viking  Mars  lander  drogue  chute  tested  at  both  low 
and  very  high  altitudes,  may  have  mass  ratios  in  the 
order  of  Rm  « 2 at  low  altitudes  and  Rm  * 10~2  at 
altitudes  over  120  thousand  feet. 

Infinite  Mass  Load  Factors.  Model  parachute 
inflation  tests  in  the  wind  tunnel,  full  scale  aircraft 
deceleration  tests,  and  tests  with  very  low  system 
mass  ratios  are  sources  of  the  infinite-mass  opening 
load  factors  given  in  Table  2-1  (Chapter  2).  These 
may  be  considered  minimum  infinite-mass  Cx  values 
for  parachutes  of  conventional  nylon  construction 
with  canopy  cloth  and  geometric  porosity  appropri- 
ate to  each  type.  The  given  values  of  Cx  are  applica- 
ble to  the  estimation  of  parachute  opening  forces 
under  near-infinite  mass  conditions  at  any  altitude 
and  over  deployment  velocity  ranges  appropriate  to 
recdrded  test  experience  with  each  type. 

Clustered  Parachute  Opening  Forces 

Representative  force-time  traces  of  parachutes  in 
clusters  are  presented  in  Figures  6.26  and  6.27.  Sta- 
tistically, good  synchronism  of  cluster  parachute 
operation  is  a rare  event,  the  norm  being  a marked 
lack  of  synchronism  of  inflation  and  large  disparities 
in  the  opening  loads  experienced, by  the  individual 
parachutes.  This  is  true  even  when  the  parachutes  are 
deployed  simultaneously  by  a common  pilot  chute, 
begin  to  inflate  at  the  same  time,  and  disreef  at  the 
same  time. 

The  disparity  of  cluster  parachute  operation  may 
be  evaluated  as  the  ratio  of  individual  peak  opening 
forces  to  their  mean  value.  The  mean  force  is  not 
necessarily  the  load  each  parachute  would  feel  with 
synchronous  inflation  but  in  many  cases  is  close  to  it. 
Summarized  in  Table  6.2  are  representative  examples 
of  extremes  encountered  in  various  cluster  test  pro- 
grams. Calculated  mean  values  are  in  parenthesis; 
only  maximum  force  ratios  are  noted.  Performance 
of  a statistically  adequate  number  or  tests  would 
widen  the  extremes  in  some  cases. 

Al  though  the  possible  mass  fraction  any  one  para- 
chute may  have  to  carry  increases  with  the  number  of 
canopies  in  the  cluster,  the  probability  that  a dispro- 
portionate number  will  lag  through  a large  part  of  the 


Figun  6.27  Opening  force-  Time  History  for  Ouster  of  Two  12.8  ft  0o  Ringsaits  Reefed  13%  D0  for  8 Seconds 
Deployed  at  299  fPS  (TASi  at  10,248  feet  Altitude  (Weight  * 17,720  Pounds)  (Ref.  217) 


lead-canopy  filling  time  diminishes.  Systems  having 
high  peak  deceleration  may  have  a potential  for  a 
greater  disparity  of  opening  forces  than  was  recorded. 

What  emerges  from  the  test  evidence  is  that  the 
dominant  operational  characteristic  of  uncontrolled 
parachute  clusters  within  the  present  state-of-the-art 
is  one  of  highly  erratic  or  non-uniform  opening  per- 
formance. On  the  other  hand,  the  controlled  B-1 
capsule  cluster  described  in  Reference  MOexhibited 
a max/mean  opening  force  ratio  less  ti.an  1.3,  which 
constitutes  a strong  endorsement  of  the  permanently 
attached  pilot  chute  technique  developed  in  that  pro- 
gram. 

STEADY  AERODYNAMIC  FORCES 

Typically,  a deployable  aerodynamic  deceleration 
system  begins  to  decelerate  during  the  canopy  infla- 
tion proems.  After  the  opening  force  transient  and 
full  inflation,  canopy  drag  remains  at  the  prime  decel- 
erating force. 

Drag  Coefficient 

A body  moving  through  air  encounters  a resistance 
commonly  called  drag , made  up  of  pressure,  inertia), 
and  viscous  forces  generated  or  modulated  by  the 
following  physical  factors  working  together  in  varying 
degrees,  at  described  by  Howarth38.7 

D » KpJ1  ? f n -t))  6-19 

When  the  moving  body  is  a parachute-like  air-inflated 
decelerator  made  of  flexible  materials  at  least  two 
additional  parameters  appear;  structural  elasticity 
and  canopy  porosity.  With  the  introduction  of  an 
empirical  aerodynamic  drag  coefficient,  equation 
6-19  is  simplified  to 


D - CqqS  6-20 

and  Cq  depends  upon  body  shape,  Reynolds  num her, 
Mach  number  and  Froude  number  for  the  rigid  body 
of  classical  aerodynamics,  and  also  upon  Kaplun  num- 
ber, or  relative  elasticity,  and  the  porosity  of  the  flex- 
ible decelerator. 

It  is  convenient  to  relate  parachute  drag  coeffi- 
cients to  the  canopy  nominal  area.  S0,  derived  from 
the  design  .dimensions  because  accurate  measurement 
of  the  inflated  canopy  for  the  determination  of  the 
projected  area  and  Cop  is  seldom  feasible.  Therefore, 
the  elastic  expansion  of  the  canopy  under  load  is  neg- 
lected. Also.  Co0.  calculated  from  an  average  meas- 
ured value  of  CqS,  provides  a fair  criterion  of  the 
drag  efficiency  of  the  canopy  which  is  not  reflected 
by  CDp  However,  where  purely  aerodynamic  con- 
siderations are  the  center  of  interest,  it  is  desirable  to 
evaluate  CQp  by  the  best  method  applicable  to  the 
available  data. 

Measured  decelerator  drag  coefficients  in  general 
are  influenced  by  a variety  of  factors  including  de- 
scent characteristics,  airmotion,  Mach  number,  and 
often  the  wake  of  the  towing  body.  After  these 
effects  are  accounted  for  the  drag  coefficient  is  found 
to  vary  with  specific  decelerator  design  parameters 
that  affect  the  inflated  shape  and  effective  porosity 
of  the  canopy.  Salient  design  parameters  include: 
the  shape  of  the  gore  pattern,  effective  length  of  sus- 
pension lines,  air  permeability  of  the  fabric  and  geo- 
metric porosity.  Scale  or  Reynolds  number,  relative 
elasticity,  and  the  stiffness  of  the  canooy  also  affect 
Cq  but  to  a lesser  degree.  Among  the  various  shape 
factors,  fineness  ratio  is  significant  because  it  relates 
to  the  area  ratio  Sp/S0.  Clustering  may  be  treated  as 
a gross  shape  factor  of  the  parachute  system. 


TABLE  6.2  MEASURED  OPENING  FORCES  OF  CLUSTERED  PARACHUTES 


Launch 


No. 

Parachute* 

Qq 

(ft)  Type 

Test 

No. 

W 

(lbs) 

vo 

EAS 

(kts) 

Peak  Opening  Forces 
h Reefed  Disreefed 

(ft)  lbs  Ratio*  lbs  Ratio* 

Reef 

Dr/DQ 

(%> 

2 

78 

Extended 

n 

4946 

150 

2000  7400 

1.20 

5000 

1.09 

8.2 

Skirt 

4900 

— 

4200 

— 

(6150) 

(1.0) 

(4600) 

(1.0) 

12 

4946 

150 

2000  5400 

— 

5400 

_ 

8.2 

6400 

1.08 

8300 

l!  22 

(5900) 

(1.0) 

3 

48 

Ribbon 

6191 

9370 

427 

5800  20200 



19040 



V.2 

55610 

1.37 

67810 

1.42 

46160 

— 

55910 

— 

(40657) 

(1.0) 

(47587) 

(1.0) 

■ 

175-7 

8900 

430 

5900  44930 

— 

6530 

— 

17.2 

56520 

1.25 

12790 

— 

34600 

— 

19430 

1.50 

(45350) 

(1.0) 

(12917) 

(1.0) 

3 

100 

Solid 

58-828 

1162G 

260 

2450  13200 

1.20 

19450 

2.08 

6.4 

Conical 

-8200 

— 

-550 

11600 

— 

8000 

— 

(11000) 

(1.0) 

(9333) 

(1.0) 

58-921 

10616 

280 

2500  12200 

1.02 

10800 

— 

6.4 

11900 

— 

14000 

1.17 

11800 

— 

12000 

— 

(11970) 

(1.0) 

(12000) 

(1.0) 

2 

856 

Ringtail 

41-1 

-9500 

-150 

15000  20300 

1.12 

22580 

1.51 

9.5 

1 

16090 

- 

7310 

— 

(mid-gore) 

(18210) 

0.0) 

(14945) 

(1.0) 

2 

128.8 

8 

17720 

152 

10250  21800 

1.06 

27600 

1.33 

13.0 

19400 

— 

13800 

— 

(20600) 

0.0) 

(20700) 

(1.0) 

2 

85.6 

Modified 

484 

10842 

151 

15190  14091 

_ . 

27320 

1 49 

8.4 

Ringtail 

16630 

. 1.08 

9321 

- 

(R-1) 

(15360) 

0.0) 

•18320) 

(1.0) 

24.8 

3 

698 

MQT-2 

8510 

240 

15500  13250 

1.11 

3760 

— 

12.50 

. 

12400 

— 

12500 

10250 

— 

17900 

1.57 

(11967) 

0.0) 

(11387) 

(1.0) 

MQT-14 

11250 

— 

11000 

_ 

8.85 

10400 

— 

9750 

, — 

12500 

1.10 

14500 

1.23 

■ 

(11383) 

0.0) 

(11750) 

(1.01 

MQT-13 

17750 

_ 

8000 

— 

12.5 

24750 

1.22 

1 

18450 

— 

9700 

— 

(20317) 

0.0) 

(9400) 

(1.0) 

, 

Source 

Ref. 
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208 
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388 


388 


Axial  Force  Coefficient 

It  is  customary  to  use  the  term  "tangential”  with 
reference  to  vectors  tangent  to  the  flight  path,  the 
term  "axial”  is  used  instead  when  defining  compo- 
nents of  force  and  motion  applied  along  the  major 
longitudinal  axis  or  axis  of  symmetry  of  the  decelera- 
tor.  The  axial  force  equals  the  decelerator  drag  coef- 
ficient at  angle  of  attack,  a - 0.  The  axial  force  coef- 
ficient. CA.  presented  in  Figure  6.28  are  calculated 
from  test  juta  obtained  on  model  wind  tunnel  tests 
(Ref.  389).  The  axial  force  coefficient  is  calculated 
as  follows 

CA“FA/qS  6-21 

The  speed  for  these  tests  was  M * 0.1.  Axial  force 
data  for  tests391  with  similar  canopy  designs  at  W* 
0.5  and  0.8  are  shown  in  Figure  6.29. 

Parachute  Cluster  Drag  Coefficient 

The  cluster  drag  coefficient  Cq g is  less  than  CQq 
of  the  individual  parachutes,  the  ratio  Cqq/C^  be- 
ing inversely  proportional  to  the  number  of  para- 
chutes as  shown  in  Figure  6.30.  While  differences  in 
rate  of  descent  account  foi  some  differences  in  Cqq. 
the  data  spread  is  too  large  to  he  the  result  of  this 
factor  alone.  The  divergent  trends  suggest  the  pres- 
ence also  of  differences  in  both  parachute  and  cluster 
rigging  geometry  net  evident  in  the  source  informa- 
tion. 

The  effective  rigging  length  used  for  reference  pur- 
poses. and  sometimes  in  cluster  design,  is  based  on 
the  equivalent  single  parachute  length  ratio, 

1.0.  In  terms  of  the  nominal  diameter  of  the  individ- 
ual canopies  of  the  cluster  this  converts  to 

lc/D0  ~(nc)*  6-22 

where  lc  is  the  combined  lengths  of  suspension  lines 
and  cluster  risers  to  the  riser  confluence,  and  nc  is 
the  number  of  canopies  in  the  cluster.  The  following 
numerical  values  are  obtained 

TABLE  8.3  EFFECTIVE  RIGGING  LENGTH  FOR 
CLUSTERED  PARACHUTES 

nC  2 3 4 5 6 7 

Iq/D0  1 41  1.73  2.0  2.24  2.45  2.65 

For  practical  reasons,  shorter  rigging  lengths  are  used 
in  airdrop  clusters  of  G-11A,  100  ft  D0  and  G-12D, 
64  ft  D0  parachutes  (See  Table  6.4) 

Empirical  data  from  different  sources  on  the  normal- 
ized drag  coefficients  o<  clustered  parachutes  are  plot- 
ted in  Figure  6 30.  The  relative  rigginq  lengths  of  the 
individual  parachutes  and  of  the  clusters  are  indicated 
where  known. 


TABLE  6.4  EFFECTIVE  RIGGING  LENGTH  FOR 
CLUSTERED  G-11 A ANO  G-12D 
PARACHUTES 


nc  2 3 4 5 6 7 

G-11A^-  12  1.4  16  18  1.8  2.2 

°o 


I c 

G-12D  — 1 31  131  - 

°0 


It  will  be  seen  that  in  steady  descent  the  individual 
canopies  stand  apart,  as  in  Figure  6.31.  They  also 
tend  to  wander  about,  constrained  somewhat  by  the 
number  in  the  cluster.  Apparently  the  flowfield  has  a 
radial  component  away  from  the  system  axis  in  addi- 
tion to  the  familiar  pattern  of  flow  about  each  cano- 
py. which  would  tend  to  hold  them  apart,  but  this  is 
not  strong  enough  to  prevent  the  canopies  from  occa- 
sionally contacting  each  other  liqhtly.  Thus,  on  the 
average  it  would  appear  that  the  mean  relative  tlow  at 
each  canopy  has  an  angle  of  attack  of  roughly  o * 0 
degrees,  provided  the  canopy  is  not  gliding390  Since 
the  cluster  as  a whole  dees  not  glide,  the  only  way 
the  member  canopies  might  glide  is  to  move  away 
from  the  system  axis  and  stand  at  an  angle  of  attack 
to  the  relative  flow.  This  behavior  would  result  in 
some  flattening  of  the  outer  or  leading  pdges  o<  the 
canopies  and  so  would  be  visible  in  film  records. 
That  such  evidence  has  not  been  observed  tends  to 
sjpport  the  idea  that  on  the  average  a * 0 degrees,, 
and  random  shifting  of  the  aerodynamic  force  vectors 
driven  by  vortex  shedding,  causes  the  canopies  to 
wander,  possibly  seeking  a stable  angle  of  attack. 
This  reasoning  justifies  the  proposition  that  the  clus- 
ter drag  coeffic  nt  may  be  represented  as 

Co-CDocm*c  6'2- 

where  is  the  integrated  average  angle  of  the  clus- 
ter risers  from  the  system  axis.  The  implicit  assump- 
tions here  are  that  there  is  not  mutual  interference 
and  the  dynamic  pressure  felt  by  each  canopy  is  equal 
to  qt.  i.e..  the  same  as  its  equilibrium  dynamic  pres- 
sure descending  alone  at  the  system  rate  ot  descent. 
The  angle  $£  is  mainly  a function  of  and  has 

its  minir,  am  value  when  all'  the  canopies  of  ,th°  clus 
ter  are  in  contact  with  each  other,  as  some  have  been 
rigged  on  occasion  with  tangent  points  on  the  skirt 
bound  together.  Then  presumably.  Cqq  would  be  a 
maximum  and  the  assumption  of  non  interference 
nay  be  tested  by  comparative  evaluation. 
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Composite  Pats  erom  Different  Sources 

100  Ft  (0o)  G-1 1 A (Ig/Dg  - 1.0)  (Ref.  382! 

100  Ft  (D0)  Flat  (V,  <2S  FTS)  (Ref.  21 7 j 
100  Ft  Flat  (V0-25-  30  FTS ) ,R,t 
88. 1 Ft  (Dcl  RIposvI  0,/Dg  - 1.40)  (Ref.  217) 
85.6  Ft  <Dn)  Modif.  RS  (t0/Do  - 1.44)  (Ref.  217) 
128.9  Ft  (D0)  Ringtail  (l0/Do  - /.  15)  (Ref.  217) 
Theory  (Set  Table  6.5) 


Number  of  Parachuter 


Figure  6.30  Effect  of  Clustering  on  Drag  Coefficient 


Graphical  analysis  of  the  contact  geometry  of  dif- 
ferent numbers  of  circular  canopies  in  compact  rota- 
tionally  symmetrical  clusters  ■ yields  the  following 
approximation  relationship  for  the  average  riser  angle. 

<t>c  « K'Uq/Dq)  radians  6-24 

where  K*m  r/D0  and  r is  the  mean  radius  of  the  cano- 
py centers  from  the  cluster  axis  at  the  level  of  the 
skirts,  as  developed  on  a flat  layout. 

It  is  instructive  to  compare  measured  with  calcula- 
ted cluster  drag  coefficients  on  the  basis  of  the  as- 
sumptions made,  and  these  purely  geometrical  con- 
siderations with 

Coq/CQo  - cos  (K'/n*)  6-25 

for  different  number  of  canopies  and  corresponding 
values  of  K*  in  Table  6.5.  As  shown  in  Figure  6.30 
the  agreement  for  nc  m 2 and  nc  m 3 is  good,  but 
divergence  increases  rapidly  for  larger  clusters.  The 
implication  is  that  if  clustered  canopies  could  be  pre- 


vented from  spreading  far  apart  their  drag  perform- 
ance would  be  greatly  improved  when  n^-4  or  more. 
Partial  confirmation  o ' this  is  found  in  Reference  386 
for  clusters  of  three  48  ft  D0  conical  ribbon  para- 
chutes tested  both  with  and  without  canopy  skirt 
conr.ectionsat  the  tangency  points.  The  average  drag 
coefficient  of  the  bound  cluster  was  approximately 
1 1 percent  greater  than  of  the  free  cluster. 

Another  implication  of  the  comparison  is  that  the 
best  3-canopy  clusters  are  performing  close  to  the 
theoretical  maximum  with  whatever  mutual  interfer- 
ence may  exist,  while  the  best  2-canopy  clusters  even 
though  free,  clearly  are  benefitting  from  effects  not 
accounted  for  by  the  theory.  For  example,  two  side- 
by-side  canopies  may  experience  two  dimensional 
flow  augmentation  of  momentum  drag  analogous  to 
the  effect  of  aspect  ratio. 

A cluster  of  three  4.78  ft  D0  ribbon  drogues  with 
Iq/Dq  = 2.8  were  tested  on  a supersonic  rocket  sled376 
with  the  results  shown  in  Figure  6.32.  Of  the  five 
tests  performed,  two  were  supersonic.  Supersonic 
operation  was  characterized  by  partial  squidding  with 
canopy  area  ratios  of  Sp/S0  ». 2 5 to  .35,  compared  to 
S.JS0  * .435  subsonic,  and  average  angular  excursions 
greater  by  a factor  of  3.5  relative  to  the  subsonic 
average.  The  trailing  distance,  lT.  was  roughly  lOd^. 

Use  of  ribbon  drogues  in  pairs  is  fairly  common. 
The  Apollo  drogue  system,  consisting  of  a pair  of 
16.5  ft  0o,  25°  conical  ribbon  parachutes,  scarcely 
qualifies  as  a cluster  because  the  risers  .were  attached 
to  separate  points  on  the  command  module  giving  an 
effective  rigging  length  considerably  greater  than  lc  » 
5D0.  The  canopy  trailing  distance,  lT,  was  approxi- 
mately 6dij.  Consequently,  there  was  no  detectable 
interference  between  canopies  and  their  drag  per- 
formance was  the  same  as  two  independent  para- 
chutes with  a rigging  length  of  (9  * 2D0. 


TABLE  6.5 


PARAMETERS  OF  SYMMETRICAL 
PARACHUTE  CLUSTERS 


.318  .369  .461  .538  .637  .530 


4>c  (radians)  .225  .213  .230  .241  .260  .203 

CDc/CD0  975  977  974  971  966  979 
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Descent  Characteristics 

A vector  diagram  representing  the  two-dimens:onal 
characteristics  of  generalized  decelerator  systems  in 
steady  descent  is  shown  in  Figure  6.33.  Note  that  the 
canopy  angle  of  attack  is  defined  for  two  different 
reference  lines  as  follows.  For  high-glide  canopies  a 
is  measured  from  the  relative  wind  vector  to  a chord 
reference  line  as  for  airfoils  (Fig.  6.33a).  For  the 
non-airfoil  canopy  designs,  a is  measured  from,  the 
relative  wind  vector  to  the  longitudinal  axis  of  the 
parachute  (Fig.  6.33b).  In  both  cases  a is  measured 
from  the  relative  wind  vector  to  an  axis  in  the  canopy 
plane  of  symmetry.  For  convenience  of  measurement 
and  aerodynamic  analysis  the  force  vector,  F , may  be 
resolved  into  various  components  of  which  lift,  L, 
normal  to  the  relative  wind  or  flight  path  and  drag,  D, 
tangent  to  the  flight  path  are  the  ones  most  frequent- 
ly evaluated. 

When  the  descending  system  oscillates,  the  motion 
appears  pendular  in  character  because  the  system 
center  of  mass  is  usually  closer  to  the  canopy  than  to 
the  suspended  body.  The  typical  solid  cloth  para- 
chute is  unstable  at  a * 0 degrees  and  has  a stable 
trim  attitude  at  angles  in  the  order  of  a *•  IS  to  30 
degrees,  but  lacking  any  direction  stabilizing  mecha- 
nism, its  random  gliding  tendency  usually  produces  a 


variety  of  oscillations  instead.  However,  in  small 
models  or  at  rates  of  descent  less  than  approximately 
25  fps,  gliding  periods  of  appreciable  duration  tend  to 
predominate  and  the  vertical  velocity  component  is 
reduced  to  that  of  non-gliding  descent. 

Consequently,  when  the  drag  coefficient  of  a para- 
chute is  based  on  an  average  measured  rate  of  de- 
scent, ve.  over  a short  period  with  a given  unit  surface 
load,  W/S,  and  is  calculated  as 

CDa~WS0Qe  6-26 

the'  result  obtained  depends  very  much  on  the  type  of 
system  motion  prevailing  at  the  time.  Comparing 
co0  values  for  non-gliding  (6  - 90°)  and  gliding  de- 
scents as  derived  in  Figure  6.33  the  following  rela- 
tionship exists, 

ConJsM*>  . _ ^ 6.27 

c0o  (non-glide I cos  a 

As  shown  in  Figure  6.34a,  the  drag  coefficients  ob- 
tained from  a series  of  drop  tests  with  W/S0  constant, 
vary  more  widely  than  do  the  mean  values  from  tests 
with  different  unit  loads. 

Another  factor  contributing  to  the  data  scatter  of 
full  scale  aerial  drop  tests,  is  the  occasional  presence, 
of  vertical  air  motion,  a quantity  of  uncertain  magni- 
tude difficult  to  detect  and  seldom  measured.  The 
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a)  Variation  of  Drag  Coefficient  Data  for  Different 
Constant  Unit  Loads  vs  Rate  of  Descant  (From 
Ref  382) 


b)  Incremental  Vg  Measurements  vs  Time  During 
Descent  (From  Ref.  21 7) 


Figure  6.34  Averaging  Drag  Coefficient  arid  Rate  of  Descent  Data 


accuracy  of  drag  coefficient  measurements  is  alst> 
affected  by  the  actual  air  density-altitude  profile  at 
the  time  of  the  test.  An  instrumented  aerology  bal- 
loon may  be  sent  aloft  to  obtain  this  aata,  but  its  tim- 
ing is  not  always  ideal. 

Measurements  of  the  Rate  of  Descent.  Good  range 
instrumental  coverage  of  a protracted  descent  yields 
average  values  for  va  and  <jg  which  show  much  less 
variation  from  test-to-test  than  is  indicated  by  Figure 
6.34a.  An  example  of  the  graphical  method  of  aver- 
aging  va  is  illustrated  in  Figure  6.34b.  Whatever 
caused  the  rate  of  descent  to  vary,  the  several  effects 
were  minimized  by  the  averaging  process. 

A summary  of  rate  of  descent  data  obtained  from 
a significant  number  of  aerial  drop  tests  of  spacecraft 
landing  parachutes  measured  by  a similar  method  is 
presented  in  Table  6.6.  Standard  deviations  ranging 
from  o * 24  to  3.3  percent  show  that  a rate  of  de- 
scent variation  of  ±6  percent  va,  long  used  fbr  design 
purposes  with  impact  sensitive  systems,  is  roughly  a 
two-sigma  value.  The  results  of  full  scale  aerial  drop 
tests  of  a wide  variety  of  parachutes  are  summarized 
in  Figure  6.35.  The  majority  of  the  data  points  are 
the  averages  of  several  tests;  however,  the  results  of 
single  tests  have  been  used  to  show  general  trends 
vrfiere  their  omission  would  imply  gaps  in  present 
knowledge  that  do  not  exist. 

Glide  Ratio  ( L/D ).  The  great  majority  of  canopy 
designs  of  all  types  generate  unsymmetrical  aerody- 
namic forces,  the  force, vector  does  not  remain  stead- 


ily tangent  to  the  flight  path  and  will  create  oscilla- 
tion inducing  moments  if  a stahi  .-glide  is  not  possible. 
Usually  a minor  irregularity  cc  dissymmetry  in  the 
canopy  will  stabilize  the  flow  pattern  sufficiently  to 
induce  a directional  glide'4®-142- 395- 396  & 562 

Interest  in  the  performance  of  gliding  parachutes 
centers  around  their  steerability  and  the  glide  ratio 
characterized  by  L/Dfmax). 

The  glide  ratio  obtained  depends  upon  familiar 
parameters  of  rigid  wing  aerodynamics  — airfoil  pro- 
file, thickness,  aspect  ratio,  fineness  ratio,  spanwise 
profile,  surface  smoothness,  and  a number  of  others 
peculiar  to  flexible  gliding  parachute  structures  — air 
permeability,  leading  edge  stiffness,  trailing  edge  full- 
ness, trailing  edge  tension,  and  relative  suspension  line 
length.  It  is  useful  to  distinguish  between  three  basic 
types  of  gliding  parachute  configurations. 

Low  glide  parachute  r L/D(max)  0.3  to  0.8 
Med-gtide  parachuto  — L/Dfmax)**  1.0  to  2.0 
High-glide  parachutes—  L/Dfmax) » 2.0to4.0  . 
The  maximum  glide  ratios  indicated  are  those  obtain- 
ed with  complete  operational  systems.  The  perform- 
ance of  individual  canopies  in  the  wind  tunnel  is  gen- 
erally much  better  than  can  be  realized  in  practice. 
When  the  wind  tunnel  models  include  scale  suspen- 
sion lines  and  suspended  vehicles  the  correlation  is 
improved.  The  variation  of  glide  ratio  with  angle  of 
attack  is  shown  in  Figure  6.36A  for  different  kinds  of 
canopies.  Solid  symbols  indicate  system  data.  Figure 
6.36B  illustrates  the  relationship  between  L/D,  8,  and 
other  components  of  the  steady-state  glide  plus  the 
characteristic  performance  of  different  gliding  sys- 
tems. 
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TABLE  6.6  SUMMARY,  RATE  OF  DESCENT  MEASUREMENTS 


Project 

Parachute 

System 

Descent 

Weight 

libs) 

No. 

of 

Chutes 

No. 

of 

Tests 

(Ref.  217) 

Average  Rate  of  Descent,  v 

Computation  Method  (fps) 

5000  ft 

e 

. S.L. 

Standard 
Deviation,  o 
(%ve) 

5000  ft  S.L. 

Average 

CD0 

Apollo 

4750 

1 . 

7 

Average  of  Askania 
data  each 

1000  ft + 300  ft 

29.9 

27.8 

2.8 

.850 

88.1  ft  D0 
Ringsail 

9500 

2 

6 

Same  as  above 

30.0 

27.9 

2.7 

.845 

9500 

3 

8 

Askania  data 
each  second . 

5000  ft  to  200  ft 

24.8 

23.0 

2.4 

.825 

Gemini 

84.2  ft  D0 
Ringsail 

4400 

1 

16 

Average  of  Askania 
data  from 

5000  ft  to  2000  ft 

31.9 

29.6 

- • 3.1 

.760 

Mercury 

63.1  ft  D0 
Ringsail 

2160 

1 

34 

Average  of  Askania 
data  at 

5000  ft  + 300  ft 
and 

500  + 200  ft 

29.7 

27.6 

- 3.3 

.760 

As  reported  by  Sleeman397  good  correlation  of 
L/D(max ) was  found  with  the  twin-keel  parawing 
parameter  (Sc^/S^)  cos  A o (Figure  6.37)  where 
is  the  area  of  the  center  panel  and  A o is  the  leading 
edge  sweep  angle.  It  appears  that  the  upper  limit  is 
reached  at  (SCp/Sw)  cos  Ao  • 0.44  and  that  L/D 
(max)  is  significantly  influenced  by  the  relative  length 
of  the  suspension  lines.  A probable  correction  to  the 
wind  tunnel  data  for  full  scale  free  flight  conditions  is 
suggested  by  the  broken  line  derived  from  the  work 
reported  in  Reference  398 with  a 4000  ft*  twin-keel 
parawing  having  a flat  planform  span  of  1 10  feet. 

Other  investigators  have  advanced  the  develop- 
ment of  the  Parafoil  with  a wide  varietv  of  models 
and  testing  methods,' as  reported  in  References  1 32 
219  and  399.  The  effect  of  aspect  ratio  is  seen  tp  be 
significant  as  shown  by  the  composite  wind  tunnel 
results  for  different  Parafoil  models  in  the  following 
Table  6.7: 

TABLE  6.7  PARAFOIL  ( L/DJmax  vs  ASPECT 
RATIO 


AR 

1.0 

1.5 

2.0 

2.5 

3.0 

(L/D)  max 

3.0 

3:8 

4.6 

5.6 

6.5 

a (day) 

10 

9 

8 

7 

6 

Performance  data  for  AR  ■*  1.5  and  AR  = 2.0  are 
plotted  in  Figures  6.36  and  6.37,  the  latter  being  un; 
corrected  wind  tunnel  data.  The  probable  magnitude 
of  wind  tunnel  effects  is  indicated  by  free  flight  data 
in  the  following  Table  6.8: 


TABLE  6.8 

PARAFOIL  (L/D)mgx 
FLIGHT 

IN  FREE 

AR 

W/Sw-psf 

(L/D)max 

Source 

Reference. 

1.5 

300 

0.52 

3.1 

132 

0.77 

2.5 

2.35 

2.3— 2.6 

2.0 

360 

0.55 

3.7  • 

219 

242 

0.77 

3.7 

200 

0.93 

3.4 

Data  from  drop  tests  of  the  Volplane  and  Sailwing 
high-glide  parachutes  are  found  in  References  402 
and  403  respectively. 
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ParwcRuta  Type 

D0-Ft 

V»o 

0 

Flat  Solid  doth 

24-28 

.75-1.0 

o 

Flat  Solid  doth 

100 

.95-1.0 

A 

Conical  (10°-26°> 

96-100 

.95-1.0 

A 

Tri -Conical 

79.6-100 

? 

14.3%  Extandad  Skirt 

60-67.3 

.92-1.0 

d 

10%  Extandad  Skirt 

56-67.2 

1.0 

9 

10%  Extandad  Skirt  UC-1 

35 

.85 

n 

10%  Extandad  Skirt 

34.5-38 

.87-34 

o 

Hamitpharka 1 IG-13  Cargo) 

24.5 

1.0 

O 

Ringtail  (kT-7-8%) 

563-943 

.94-37 

0 

Ringtail  (KTm  7.2%) 

88.1 

1.4 

o 

Ringtail  (kT  m 10%) 

1283-189.5 

1.15-1.18 

o 

RingmU  (kT~  7.8-1*%) 

29.6-41 

1.0 

o 

Rlngmd  fkT- 11-14%) 

77.5-34 

.78-1.49 

o 

Annular  ID^/Dp  - .63) 

42-64 

1.28 

p 

Rlnpiot  10%) 

343-66 

1.0 

Figura  6.3S  Paracbuta  Drag  Coafficiant  v*.  equilibrium  Rata  of  Daacant  at  Saa  Laval  ( Circular  Canopiat) 
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Figure  6. 36 A Variation  of  L/D  and  Aerodynamic  Coefficients  With  Angle  of  Attack 
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Figure  6.368  Effect  of  Wing  Loading  (W/Sytf  on  Components  of  Glide  Over  Controllable 
Range  of  L/D  Modulation 


- 2.35  PS  F 


J-a  - 9.6° 

y-a  - 13.S0 


10  20 
TURN  RATE  - DEG/SEC 


1 ' ''  ITttt  WP-69-35.  Turn  No.  11 

/>' 

el  ■ ■ i i i 1 t ..j 

0 4 8 12  16  20  24  28  32 

-STEERING  LINE  DEFLECTION  {in) 

0 2 4 6 8 10  12 

■ i ■ J- -» ‘ « - - * — *— I 

— — TIME  FROM  SIGNAL  ON  (lec) 

b)  Control  Cable  Force  V*  Travel  and  Time 


a)  Glide  Ratio  Vs  Turn  Rate  b)  Control  Cable  Force  V*  Tras 

Figure  6.38  Pare  foil  Measured  Turning  Characteristics  (Ref  132  ) 


a)  The  Towed  Oeceferator  System 
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b)  The  Tandem  Canopy  System 

Figure  6.39  Oeceferator  Systems  Subject  to  Strong  Wake  Effects 


In-Fli^.t  Modulation  of  L/D.  The  in-flight  modu- 
lation of  steerable  parachute  glide  ratio  is  effected  by 
varying  the  length  of  one  or  more  control  lines  which 
have  been  rigged  to  change  the  effective  angle  of 
attack  of  the  surface.  Since  such  systems  usually  de- 
flect only  the  trailing  edge,  rather  than  the  entire 
wing,  a reduction  in  glide  ratio  by  this  means  is  anal- 
ogous to  the  use  of  flaps  to  increase  the  drag  compo- 
nent of  the  total  force.  The  result  is  a rearward  shift 
of  the  center  of  pressure,  and  a steeper  glide  path 
follows.  Since  the  power  required  for  L/D  modula- 
tion by  this  means  is  considerably  greater  than  for 
steering,  separate  flaps  may  be  employed  on  the  un- 
der surface  to  simply  augment  drag  without  changing 
the  gliding‘trim  of  the  wing  suspension  line  rigging. 

Turning  Maneuvers.  Turning  a gliding  parachute 
of  any  type  is  accomplished  mainly  by  control  line 
actions  that  shift  the  system  center  of  gravity  lateral- 
ly to  induce  a bank.  Wing-tip  drag  modulation  also  is 
employed  for  steering,  a technique  that  has  been 
applied  to  the  Parafoil.  Some  steerable  parachutes, 
such  as  the  T & U Slot,  which  have  a low  L/D  and 
steep  glide  angle  also  employ  canopy  rotation  tech- 
niques. Since  turning  maneuvers  generally  are  attend- 
ed by  changes  in  lift  and  drag  that  reduce  glide  ratio, 
the  sinking  speed  is  higher  during  turns  than  in 
straight  flight.  Thus,  the  average  L/D  for  a given  de- 
scent operation  with  numerous  turning  maneuvers 
will  be  less  than  L/D(max)  or  less  than  the  designed- 
in  trim  L/D  of  the  system.  Figure  6.38  illustrates  the 
effect  of  turn  rates  on  the  measured  glide  ratio  of  a 
small  Parafoil  in  free  flight  for  two  different  rigging 
configurations  and  how  the  control  cable  force  varies 
with  both  deflection  and  time. 

Towing  Body  Wake  Effects 

All  towed  decelerators  are  subject  to  wake  effects 
in  varying  degrees.  Predictably  these  effects  are  most 
pronounced  when  the  ratios  Dp/d^  and  ly/dfj  are 
small,  dfr  being  the  "hydraulic"  diameter  of  the  tow- 
ing body  and  lr  the  trailing  distance  as  shown  in  Fig- 
ure 6.39a.  The  shape  and  drag  coefficient  of  the 
towing  body  also  is  important.  Other  decelerator  sys- 
tem* subject  to  strong  wake  effects  are  identified  as 
tandem-canopy  systems  shown  in  Figure  6.39b. 
These  include  both  aerial  retrieval  systems,  in  which 
the  main  canopy  is  trailed  by  a smaller  parachute,  and 
attached  pilot  chute  systems  where  the  pilot  chute  is 
permanently  attached  to  the  apex  of  the  main  canopy 
with  a strong  bridle-harness. 

A substantial  body  of  empirical  data  has  been 
accumulated  on  the  interaction  between  a decelerator 
and  the  wake  of  the  towing  body  over  a broad  veloc- 
ity spectrum  (Refs.  313  and  40*417).  On 


the  other  hand,  useful  detailed  knowledge  about  the 
characteristics  of  tandem  canopy  systems  is  meager, 
although  understanding  of  the  specific  data  needed 
for  successful  design  is  fairly  complete.  In  broad 
qualitative  terms  the  towed  decelerator  is  moving 
through  nighly  turbulent  air  where  the  effective 
dynamic  pressure  is  less  than  free  stream  and  the 
direction  of  local  flow  components  is  variable.  This 
influences  both  the  inflation  and  operational  charac- 
teristics of  the  decelerator  and,  consequently,  the 
motion  and  stability  of  the  system  as  a whole.  Under- 
standing the  behavior  of  the  system  is  aided  by  know- 
ledge of  the  free  body  wake  characteristics,  as  well  as 
of  the  decelerator  operational  characteristics  in  un- 
disturbed air. 

Both  subsonic  and  supersonic  wake  characteristics 
of  bodjp  of  widely  varying  shapes  have  been  the  sub- 
ject of  comprehensive  analytical  (Chap.  7)  and  exper- 
imental (References  407,418-420,  421-428)  studies 
Body  shapes  have  mainly  been  bodies  of  revolution 
representative  of  both  elongated  vehicles  and  bluff 
spacecraft.  The  full-open  parachute  is  also  represent- 
ed in  the  form  of  an  impervious  hemispherical  cup. 
The  turbulent  subsonic  wake  is  described  in  terms  of 
both  velocity  and. pressure  distributions  at  different 
distances  behind  the  body  as  shown  in  Figure  6.40. 
Good  agreement  between  predicted  and  measured 
velocity  distributions;418^  some  of  the  simpler  cases 
(bodies  of  revolution)  is  shown  in  Figures  6.4la  and 
6.41b.  The  passage  of  the  vehicle  through  undistur- 
bed air  at  a relative  velocity,  v,  displaces  the  air 
radially  from  the  flight  path  in  a way  that  generates  a 
series  of  energetic  eddies  in  the  wake  (Von  Karman's 
vortex  street)  having  a mean  velocity  component, 
by,  following  the  body.  In  Consequence,  a trailing 
decelerator  attached  to  (he  body  at  some  distance, 

experiences  a relative  flow  velocity.  ■ 

VT  6-28 

which  varies  with  distance  from  the  wake  centerline 
ac.,rding  to  the  characteristic  distribution  shown  in 
the  figures.  As  indicated  by  Figure  6.42  this  velocity 
distribution  can  be  expressed  in  dimensionless  form 
for  bodies  of  revolution  as 


bv/bv' 


air  velocity  increment  on  wake  center- 
line 


r ■ distance  from  wake  centerline 
and  rm  ■ coordinate  where  bv  * bv'/2 
It  is  essentially  invariant  with  body  shape.  Any  infla- 
ted decelerator  that  is  stable  when  centered  on  the 
wake  feels  a mean  relative  flow  velocity  of  Vy  which 


KgWjBHHB 


LS9BHHRK3B 


Bftsaraffisssssamass.:'' 


a)  Velocity  Liitribution  for  i Body  Moving  Through  Fluid  at  Raat 

R-2.5db 


Figurt  6.40  Subtonk  Wakt  Flow  Choractarittk* 


is  proportional  to  rp,  the  radius  of  that  portion  of  the 
wake  flow  that  impinges  on  the  canopy.  Since  the 
relative  flow  is  highly  lurbulent,  rp  likely  will  not 
differ  greatly  from  Dp/2  so  that  a fair  estimate  of  the 

ratio  Wf/v)*  * could  be  made  by  the 

method  described  in  Chapter  7 when  the  drag  coeffi- 
cient of  the  towing  body  is  known*1®  The  mechanics 
of  tb>s  approach  are  equivalent  to  determining  the 
mean  dynamic  pressure  in  the  canopy  flow  field  and 
applying  the  normal  free  stream  drag  coefficient. 
However,  it  is  convenient  to  describe  the  experi- 
mental results  in  jerms  of  the  ratio  of  the  apparent 
drag  coefficient  to  the  free  stream  drag  coefficient, 
CDp/CD* 


Subtoh.c  ttMv.  When  a decelerate*  is  deployed 
and  inflated  in  the  wake  region,  the  change  in  the  tur- 
bulent flow  is  marked,  and  the  primary  effect  is  the 
reduction  in  drag  that  takes  place  relative  to  free 
stmam  conditions.  This  is  reflected  by  the  way  in 
which  CoJCq<m  v8ries  with  trailing  distance,  tj/dp, 
as  shown  in  Figure  6.43  for  small  rigid  models  in  the 
wind  tunnel.  Also  shown  is  the  ratio  (v'/va J5,  v'  be- 
ing the  relative  air  velocity  on  the  wake  centerline, 
which  represents  the  minimum  impact  velocity  bo- 
hind  this  particular  body  that  would  be  felt  by  a 
small  decelerates  at  any  given  trailing  distance.  In 
other  wore*  given  Op/dp  < 1,  COp/Co^mM)  * 
(v'/vmi1 . As  the  relative  size  of  the  decelerator  in- 
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Figure  6.42  Velocity  Distribution  in  Accordance  With  Analytical  and 
Experimental  Studies 
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Figure  6.43  Wake  Drag  Coefficient  for  Small  Circular  Models  (Disk  & Hemispherical  Cup)  (Adapted  from  Ref.  382 


crease*!,  the  loss  in  drag  effectiveness  diminishes 
because  the  average  velocity  increment  across  Dp  be- 
comes progressively  smaller,  allowing  CDp  to  ap- 
proach its  free  stream  value.  The  data  cross-lover  at 
Dp/db  - 2 to  3.  suggests  that  the  difference  ip  wake 
effect  on  the  two  hemispherical  cup  models  is  less 
than  the  proboble  error  of  measurement. 

The  magnitude  of  the  velocity  increment  and  the 
width  of  the  wake  at  any  given  distance  from  the 
body  is  proportional  to  the  bluffness  of  the  body 
indicated  by  its  drag  coefficient  as  shown  in  Figure 
6 .44  for  two  small  bodies  of  revolution.  The  differ- 
ence in  velocity  increments  on  the  wake  centerline 


becomes  inconsequential  at  x/dp  * 10,  but  the  differ- 
ence in  wake  widths  remains  nearly  constant  at  about 
.1.1  body  diameters  in  this  case. 

Comparison  of  the  impact  pressure  ratios  on  the 
wake  centerline  for  the  ogive-cylinder  with  and  with- 
out the  trailing  decelerator  models  (Figure  6.45),  on 
the  assumption  that  errors  of  measurement  were 
small,  indicates  that  the  presence  of  the  decelerator 
may  reduce  the  effective  dynamic  pressure  somewhat. 
More  significant  is  the  marked  increase  in  the  wake 
velocity  increment.  Air',  behind  the  hemispherical  cup 
and  the  potential  reduction  in  decelerator  drag  coeffi- 
cient when,  towed  by  a bluff  high  drag  body  compar- 


TABLE  6.9  MID-AIR  RETRIEVAL  SYSTEM  DRAG  EFFICIENCIES  & SPECIFIC  DRAG  AREAS 


System 

Tandem 

(MARS-U 

Conical  Extension 

Annular/Ringsi 

Main  Canopy: 

Tri-conical 

Extended  Skirt 

Annular 

D0 

ft 

79.6 

67.2 

42 

6 

(Do81  M- 

ft3 

5385 

2910 

1315 

323' 

Target: 

Ringslot 

Conical  Extension 

Ringsail 

Do 

ft 

18.75 

27.6  (equiv.) 

23 

28. 

(CoS)  f. 

ft3 

124 

133  (est.) 

291 

44i 

System  2 (CqS) 

ft3 

5385 

2760 

1420 

3211 

Drag  Aerodynamic 

(hr> 

.977 

.907 

.884 

,87> 

Efficiency 

Specific 

Drag  Area 

ft3 /lb 

53 

33 

25 

y 

Reference  No. 

180 

183 

183 

able  to  a full  open  parachute.  Although  the  effects  of 
scale,  canopy  porosity  and  structural  elasticity  on 
these  characteristics  are  not  well  defined,  it  appears 
that  the  trailing  member  of  the  typical  tandem  cano- 
py system  at  customary  towing  distances  of  4 to  5 
OpM  likely  experiences  a large  loss  in  effective  dy- 
namic pressure  relative  to  that  of  the  typical  body 
decelerator  system  with  a trailing  distance  in  the 
order  of  7 d^. 

However,  the  wake  of  a free  canopy,  unlike  the 
model  constrained  in  the  wind  tunnel,  is  notaxisym- 
metric.  nor  does  the  trailing  pilot  chute,  or  engage- 
ment chute,  ride  stably  in  the  center  of  the  wake.  In  a 
non-gliding  type  aerial  retrieval  system,  for  example, 
the  engagement  canopy  is  seen  to  wander  about  in  a 
wide  orbit  and,  if  its  ratio  of  drag  to  weight  is  margin- 
al, it  also  occasionally  sinks  into  the  shifting  main 
canopy  wake,  allowing  the  tow-line  to  become  slack. 
. It  has  been  possible  to  correct  this  behavior  by 
converting  the  main  parachute  into  a glide-chute 
through  a minor  modification  which  greatly  improves 
the  stability  of  descent18?  The  mechanism  behind 
this  improvement  in  stability  is  the  elimination  of  the 
random  pattern  of  vortex  separation  from  the  peri- 
phery of  the  canopy  and  its  replacement  by  a more 
uniform  pattern,  analogous  to  the  wake  of  a stalled 
wing  of  low  aspect  ratio,  a pattern  that  is  largely 
symmetrical  about  a vertical  plane  through  the  glide- 
chute  axis.  Then  the  engagement  canopy,  although 
itself  not  statically  stable,  is  seen  to  ride  relatively 


stable  on  the  downstream  side  with  the  tow  line  at  ar 
angle  of  40  to  50  degrees  from  the  vertical. 

The  steady  state  drag  characteristics  of  tandem 
canopy  systems  are  evaluated  for  any  given  configura- 
tion in  terms  of  the  combined  canopy  areas. 

Sou+Soe  6-3C 

and  the  system  drag  coefficient 

Cqo  m XfCoSJ/ZSo  6-31 

.where 

ZfCoS)  • w/q 

A measure  of  the  system  aerodynamic  drag  efficiency 

15  »Jr  * ^(CdS)AICdS)Moo  * (CoSIfJ  6-32 

<cbS)Moo  and  (CpS/£go  are  the  individual  effective 
drag  areas  of  the  main  and  trailing  canopies  respec- 
tively when  operating  independently  at  the  same  rate 
of  descent 

In  Figure  6.46,  as  the  size  of  the  trailing  canopy  is 
reduced,  Cqq  approaches  the  drag  coefficient  of  the 
main  canopy  alone.  However,  in  close-coupled  sys- 
tems the  trailing  canopy  alters  the  flow  about  the 
main  canopy  such  that  generally  for  the  main  canopy 
in  the  system  < (CdS)Uv  a.  Two  examples 

of  close-coupled  systems  are  the  parachute  with  coni- 
cal extension  and  the  annular  parachute  with  ringsail 
"target"  centered  over  the  main  "vent"  opening. 
Both  have  been  developed  for  mid-air  retrieval  opera- 
tions. Measured  drag  efficiencies  of  different  mid-air 
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retrieval  systems  are  given  in  Table  6.9.  This  aerody- 
namic criterion  of  system  performance  is  supplemen- 
ted by  specific  drag  area  values.  1(CdS)/Wp.  to  pro- 
vide a practical  basis  for  discrimination.  The  specific 
drag  area  of  a decelerator  is  a criterion  of  the  weight 
efficiency  of  the  flexible  structures  as  a drag  produc- 
ing devicfe.  It  affords  a valid  method  of  discrimina- 
ting between  different  designs  of  equivalent  perform- 
ance for  the  same  application  (see  Chapter  8 for  fur- 
ther detail). 

Transonic  and  Supersonic  Wake.  Drogues  of  high 
speed  are  frequently  called  upon  to  inflate  and  func- 
tion effectively  in  a supersonic  wake  (Figure  6.47). 
The  characteristics  of  the  steady  state  wake  of  a body 
of  revolution  with  free  stream  velocity  greater  than 
Mach  1.0  are  illustrated  schematically  in  Figure  6.48. 

At  some  distance  aft  of  the  base  of  the  body,  the 
cross-sectional  area  of  the  wake  "necks  down"  so  that 
a shape  is  formed  that  is  approximately  conical.  The 
height  of  this  cone  appears  to  vary  with  Mach  num- 
ber, but  is  of  the  order  of  magnitude  of  the  body-base 
diameter.  In  general,  the  supersonic  wake  is  deter- 
mined by  this  critical  region  where  the  streamlines 
from  the  sides  of  the  body  coverage43?  The  angle  at 
which  the  streamlines  converge  is  determined  by  a 
shock  wave  boundary  layer  type  of  interaction.  In 
this  interaction  the  streamlines  assume  the  maximum 
expansion  angle  for  which  the  boundary  layer  flow 
has  sufficient  energy  to  negotiate  the  pressure  riser 
that  results  from  the  recompression  at  the  conver- 
gence point. 

Immediately  behind  the  base  of  the  body,  and 
bounded  by  the  converging  streamlines,  there  is  a 
region  sometimes  characterized  as  the  still  or  "dead 
air"  region.  There  are  however,  definite  indications 


Figure  6.47  Schlieren  Photograph  of  the  Flow  Fields 
About  a Hyperflo  Type  Parachute  at 
M 4.0  < Free  flight  test  in  Wind  Tunnel) 
(Photo  Retouched  to  Emphasize  Shock  Waves) 

of, reverse  flow  conditions  in  this  dead  air  region  aft 
of  the  body  base.  For  a two-dimensional  case,  it  has 
been  shown  experimentally  that  the  re-circulation 
velocity  is  very  small.  Behind  a three  dimensional 
body  of  revolution  however,  the  recompression  no 
longer  takes  place  according  to  a simple  function  such 
as  the  Prandtl-Meyer  expansion  for  two-dimensional 
flow.  The  boundaries  of  the  dead-air  region  are  thus 
no  longer  at  constant  pressure.  A positive  pressure- 
gradient  exists  in  this  region,  allowing  a subsonic 
reverse-flow  jet  for  subsonic  portions  of  the  bound- 
ary-layer flow.  Since  only  part  of  the  boundary-layer 
flow  is  subsonic  and  the  recompression  pressure-coef- 
ficients appear  to  decrease  with  increasing  Mach  num- 
ber43,1 it  is  suspected  that  the  effect  of  the  reverse- 
flow  will  diminish  with  increasing  Mach  number.  In- 
dications of  substantial  reverse-flow  in  the  wake  of  a 


Figure  6.43  Schematic  of  Unmodified  Supersonic  Wake  Details  and  Nomenclature  for  Body  of  Revolution 


three  dimensional  body  have  been  shown  in  wind 
tunnel  tests38.7  The  prime  significance  of  these  exper- 
imental data  is  that  they  verify  the  existence  of  a 
reverse  flow  at  low  supersonic-  free-stream  velocities. 
For  a free-stream  Mach  number  of  1.2,  this  reverse- 
flow  region  extends  for  approximately  two  base  dia- 
meters aft  of  the  body  base. 

Behind  the  dead-air  region,  the  supersonic  wake 
spreads  in  a mannersimilar  to  an  incompressible  wake 
such  that  the  width  increases  approximately  with 
distance  to  the  one-third  power.  Behind  the  neck  or 
throat  of  the  wake;  the  wake  core  appears  to  main- 
- tain  an  essentially  constant  width  except  for  occa- 
sional irregularities  due  to  vortices,  and  is  generally 
similar  to  a subsonic  wake.  The  primary  source  of  air 
flow  in  the  wake  consists  of  boundary- layer  air, 


»)  Ogive-Cylinder  Primary  Body 


which  expands  from  an  annulus  at  the  base  c 
body  to  fill,  the  throat  area.  The  main  stream 
through  the  angle  <f>  at  the  vicinity  of  the  wake  tf 
with  resulrng  compression  and  formation  of  the 
ing  shock.  This  shock  generally  appears  to  form 
angle  nearly  equal  to  that  of  the  bow  shock.  S 
sonic  flow  patterns  around  two  different  bodi 
revolution  are  illustrated  in  Figure  6.49. 

Body-Decelerator  Flow  Field  Interactions. 
decelerator  or  other  object  placed  in  the  near 
region  will  alter  the  wake  to  some  extent.  The  c 
erator  and  its  bow  shock  wave  can  interact  witl 
viscous  inner-wake,  the  inviscid  outer  wake,  the 
ing  shock  wave,  and  even  with  the  body  bow  s 
wave,  as  shown  in  Figure  6.50a.  Babish313cons 


b)  Skirted-Blunt  Primary  Body 


•Figure  6.49  Sketch  of  Flow  Patterns  Around  Primary  Bodies  Alone  at  Supersonic  Speeds 


a)  Modification  In  Near  Wake  Region  Only  b)  Modification  in  BaM  Flow  Region 


Figure  6.50  Types  of  Leading  Body-Trailing  Body  Flow  Field  Interactions 
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alterations  that  take  place  only  in  the  near  wake 
region  as  not  being  body  wake  modifications.  Altera- 
tions must  take  place  in  the  base  flow  region,  as 
shown  in  Figure  6.50b,  to  be  considered  a modified 
wake.  Modification  can  take  the  form  of  non-conver- 
gence of  the  separated  flow,  increase  in  base  pressure, 
or  the  location  of  the  wake  trailing  shock  wave  in  the 
base  flow  region. 

■ The  definition  of  wake  modification  is  restricted 
for  two  reasons.  First,  as  long  as  flow  field  altera- 
tions are  limited  to  the  near  wake  region  or  down- 
stream, wake  flow  field  and  decelerator  performance 
prediction  techniques  such  as  presented  in  References 
563  and  432  are  valid.  Second,  performance  charac- 
teristics of’ the  decelerator  are  significantly  different 
when  the  base  flow  region  is  altered  as  compared  to 
when  only  the  near  wake  region  is  altered. 

References  433  through  436  report  the  effects  of 
wake  flow  type  on  the  performance  characteristics  of 
trailing  conical  type  decelerators.  In  close  proximity 
to  the  forebody  (wake  modified)  the  decelerator  may 
be  stable  but  has  a very  low  drag  force;  at  slightly 
longer  trailing  distances  (wake  still  modified)  the 
decelerator  is  unstable  and  the  drag  force  is  subject  to 
abrupt  changes.  At  large  trailing  distances  (wake 
closed)  the  drag  force  is  high  and  stability  is  a func- 
tion only  of  geometry  limitations.  The  variation  of 
decelerator  drag  coefficient  with  trailing  distance  of 
small  rigid  models  at  Mach  1.18  is  shown  in  Figu.e 
6.51. 

Babish3,13  defines  a critical  trailing  distance  as 


(l T^t)crit  beyond  which  the.e  is  no  modification  of 
the  body  base  flow  region  by  tbi  ac-:e!erator.  Use  of 
critical  trailing  distance  as  a dependent  parameter  is 
suggested.  The  critical  trailing  distance  was  shown  to 
increase  with  increasing  .size  and  bluntness  and  de- 
creasing porosity  of  the  decelerator  and  with  decreas- 
ing bluntness  of  the  towing  body.  No  definite  rela- 
tionship between  Mach  number  and  was 

established. 

Reynolds  number  significantly  affected  the  critical 
trailing  distance  as  illustrated  schematicallv  in  Figure 
6.52.  The  weight  of  empirical  evidence  given  in  Refer- 
ence 313  suggests  that  for  any  practical  body-drogue 
combination  the  critical  trailing  distance  is  not  likelv 
to  exceed  tij/dtJcrit  85  ^ • which  is  a frequently  used 
trailing  distance  in  both  subsonic  and  supersonic  sys- 
tems. In  other  words,  the  loss  of  decelerator  drag  in 
the  near-wake  makes  it  generally  desirable  to  use  a 
trailing  distance  greater  than  the  probable  critical 
trailing  distance  of  the  system. 

Drogue  Decelerator  Performance  in  Wake.  Num- 
erous wind  tunnel  test  programs  have  been  accom- 
plished where  decelerator  performance  was  measured 
in  a body  wake  (Refs.  2i2,405-*07,4i2,4i4,4i7,4i9.420. 
433,437-439,440-466 ).  Typical  parameters  which  may 
be  varied  during  these  test  programs  include  (1 ) free- 
stream  Mach  No.,  (2)  decelerator  trailing  dis- 
tance, tf/db'.  (3)  body -decelerator  diameter  ratio 
Op/dfy  and  (4)  decelerator  porosity Xj. 

As  an  example,  Ref.  438  presents  results  from  a 
wind  tunnel  test  program  conducted  to  determine  the 
drag  and  performance  characteristics  of  5.3  ft  nomin- 
al diameter  disk-gap-band  parachute  configurations 
with  various  trailing  distance  and  suspension  line 
lengths.  The  parachutes,  attached  to  0.10  scale 
Viking  entry  forebodies  and  a faired  body  (Fig.  6.53) 
were  investigated  in  the  Mach  number  range  from.  0.2 
to  2.6  at  a nominal  free-stream  dynamic  pressure  of 
80  psf.  ' 

The  effects  of  the  forebody  shape  on  the  para- 
chute drag  coefficient  at  • 9.14  are  presented  in 
Fig.  6.54.  At  a given  Mach  number,  the  forebody 
wake  effect  produced  by  the  entry  vehicle  and  the 
lander  resulted  in  essentially  the  same  parachute  drag 
coefficients.  The  parachute  drag  coefficient  obtained 
in  the  wake  of  the  forebodies  in  the  vicinity  of  Woo* 
1.0.  was  substantially  less  than  the  d'ag  coefficient 
obtained  behind  the  faired  body.  At  W «,  ■ 1.0.  the 
parachute  underinflation  caused,  by  the  forebody 
wake  resulted  in  parachute  drag  reductions  of  approx- 
imately 30  percent  when  compared  to  the  drag  coeffi- 
cient obtained  behind  the  faired  body  .with  minimum 
wake  interference. 

The  variation  of  parachute  drag  coefficient  with 
Mach  number  at  various  values  of  I f/d/y  are  presented 

285 


ed  the  parachute  drag  coefficient  at  a given  Mach 
number  behind  the  faired  body. 

Effect  of  Design  Parameters  on  Decelerator  Drag. 

Knowledge  of  the  effect  of  various  decelerator  de- 
sign parameters  on  their  performance  contributes  to  a 
more  reliable  extrapolation  or  interpolation  of  avail- 
able data  in  designing  a recovery  system  for  a particu- 
lar application.  As  an  example,  investigations  of  the 
Viking  drogue  design  performance  through  model 
wind  tunnel  tests  (Refs.  467  , 468  ),  during  which 
design  parameters  such  as  geometric  porosity,  suspen- 
sion line  length,  and  reefing  line  length  were  varied. 


in  Fig.  6.55.  For  a given  Mach  number,  the  parachute 
drag  coefficient  increased  with  increasing  lT /d^  loca- 
tions behind  the  Viking  forebodies  as  shown  in  Figs. 
6.55a  and  6.55b  respectively.  These  data  also  show 
a considerable  decrease  in  drag  coefficient  with  Mach 
number  approaching  1.0,  especially  for  therparachute 
configurations  with  the  smaller  ly/d^  locations.  In- 
creasing the  Mach  number  from  0.6  to  1.0  resulted  in 
as  much  as  50  percent  reduction  in  parachute  drag 
coefficient  as  the  parachute  became  underinflated  in 
the  wake  of  the  forebody.  The  parachutes  were  test- 
ed behind  a faired  body  to  obtain  relatively  interfer- 
ence-free parachute  drag  characteristics.  As  shown  in 
Fig.  6.55c  increasing  tne  value  of  /j/D0  also  increas- 
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Figure  6.56  Typical  Variation  of  Mechanical  and  Effective  Porosities  of  Nylon  Parachute  Cloth  With 
Differential  Pressure 


10T3  Uf2  10'1  1.0 


a)  40  Ib/in  Nylon  Cloth 


b)  90  Ib/in  Nylon 

Figure  6.57  Effective  Porosity  versus  Pressure  Ratio  for  Various  Nylon  Cloth  Materials 


provided  results  which  compared  favorably  with  full 
scale  test  data  (Refs.  487, 468 ). 

Canopy  Porosity.  Since  most  parachute  opera- 
tions are  attended  by  well  developed  turbulence  and 
large  Reynolds  numbers  in  the  gross  flow,  viscosity 
effects  on  drag  may  be  considered  generally  neg'igible. 
Therefore,  it  is  reasonable  to  evaluate  the  average 
differential  pressure  across  the  canopy  as 

, Ap  « F/Sp  » COpO  6 33 

At  moderate  operating  speeds,  and  during  steady  de- 
scent, it  is  this  differential  pressure  that  governs  the 
permeability,  X^,,  of  the  fabric  surface.  If  precise 
knowledge  of  the  effect  of  canopy  porosity  on  para- 
chute performance  is  desired,  X,,,  should  be  measured 
at  several  different  points  across  the  canopy  before 
and  after  each  test  at  differential  pressures  corre- 


sponding to  those  during  both  inflation  and  steady 
descent.  The  curves  of  Figure  6.56  are  representative 
of  the  way  in  which  X^,  varies  with  Ap  for  differen- 
tial parachute  fabrics.  A useful  characterization  of 
canopy  porosity  is  a dimensionless  term  called 
"effective  porosity".  Effective  porosity  is  defined  as 

C - vy/(2&p/pt  * - vy/v  * - X^yV  * 6-34 

where  is  the  average  through-flow  velocity  of  air 
ano  Ap  is  the  pressure  differential  across  the  cloth471. 
When  Ap  reaches  or  exceeds  the  critical  value  (&pc) 
flow  through  the  cloth  pores  becomes  sonic.  Added 
pressure  will  not  cause  the  through-flow  velocity  to 
increase.  Thus,  for  transonic  and  supersonic  para- 
chute operations  the  pressure  ratio  bp/hypcr  should  be 
taken  into  account  along  with  the  air  density  ratio  o 
which  has  a significant  effect  at  high  altitudes.  The 
measured  effective  porosity  of  four  different  corn- 
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e)  200  Ib/in  Nylon 


d)  300  Ib/irt  Nylon 
Figur  • 6.57  ( Continued 1 


Here  it  was  assumed  that  the  total  porosity  can  bo 
expressed  as. 


monly  used  nylon  parachute  cloths  is  plotted  as  a 
function  of  bp/bpcr  and  o in  Figure  6.57. 

It  will  be  noted  in  Figs.  6.56  and  6.57  ihat  in  the 
region  ol  bp  m 2.6  ptf  (0.5  inch  water)  and  even  up 
to  A?  “ 26  psf.  both  Xm  and  c varv  markedly  with 
only  small  changes  in  bp.  Thus,  it  is  not  surprising 
that  the  cloth  specifications  allow  a total  variation  of 
40  to  46  percent  in  the  rated  air  permeability.  Con- 
sequently. also  varies  widely  for  any  given  fabric 
weave  and  is  seldom  known  with  any  degree  of  accu- 
racy. Part  of  the  problem  arises  from  deficiencies  in 
the  performance  of  dif  ferent  cloth  permeability  meas- 
uring instruments,  some  of  which  embody  hidden 
Insvis  due  to  viscosity  and  turbulence  effects47? 

Figure  6.58  presents  cahopy  drag  coefficient  data 
as  a function  of  canopy  total  poros'ty,  Xr,  for  both 
small  model  and  full  scale  parachutes  of  various  types. 


xg*crr>  6-35. 

where,  with  \m  given  in  cfm/ft1  for  solid  cloth  cano- 
pies. by  Equation  6-34 

cm-  rKm/2810HS)/So)x  100  . 6 36 

where  S\  *r  cloth  area 

2810s  value  of  v*  at  bp  “ %" H^O 

As  shown  in  Fig.  6 58  the  drag  coefficient  of  a para- 
chute is  reduced  in  proport;on  to  the  total  porosity 
of  the  canopy',  i.e..  the  momentum  transfer  between 
canopy  and  air  decreases  as  the  average  throughflow 
velocity  increases.  Included  in  .the  high  porosity 
rangB  are  heavy  ribbon  drogues  in  which  \T  was  aug- 
mented by  the  fixed  reefing  technique. 
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figure  6.60  Effective  Rigging  Length  With 

Multiple  Riser  Attachments 


EFFECTIVE  LENGTH  tl^Ogl 


Figure  6.61 


Effect  of  Suspension  Line  Effective  Length 
on  Parachute  drag  Coefficient 
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Where  necessary,  drag  coefficients  were  corrected  to 
= to  and  for  larger  parachutes,  to  v6q  = 25  fps 
(see  Figs.  6.35  and  6.61).  Scale  effects  due  to  differ- 
ences in  Reynolds  number  apparently  are  insignifi- 
cant. 

The  data  in  Fig.  6.58  are  presented  for  their  quali- 
tative value  as  an  aid  to  understanding  parachute 
operation  and  are  not  intended  fof  use  in  design  cal- 
culations. 

The  variations  apparent  in  drag  characteristics  of 
different  parachute  models  probably  result  from  one 
or  more  of  the  following  factors: 

Canopy  shape 

Random  oscillation  and  gliding  during  descent 

Structural  elasticity 

Relative  stiffness 

Wind  tunnel  constraint  effects 
, Errors  of  measurement 

Some  are  combined  in  what  are  Called  "scale  effects". 

Effective  Length  of  Suspension  Lines.  The  radial 
component  of  suspension  line  tension  limits  the  infla- 
ted diameter  of  a canopy  in  a way  that  depends  on 
the  constraints  placed  on  the  freedom  of  the  skirt  by 
design,  e.g.,  constructed  profile.  Since  the  radial 
force  component  is  proportional  to  sin  <p  and,  hence, 
the  distance  from  skirt  to  confluence,  the  projected 
diameter  of  the  inflated  canopy  is  a function  of  the 
effective  suspension  line  or  rigging  length.  The  de- 
pendence of  Op/DQ  on  relative  rigging  length,  !g/D0, 
is  indicated  by  measurements  made  with  small  flat 
circular  parachute  models  plotted  in  Figure  6.59. 
The  projected  diameter,  in  turn,  determines  the  area 
ratio,  Sp/S0,  and  so  has  a strong  influence  on  the  drag 
coefficient  of  the  parachute. 

The  distance  between  the  canopy  skirt  and  either 
the  actual  or  effective  confluence  point  of  the  rigging 
(lines  plus  riser  and  branches)  is  treated  as  the  effec- 
tive length  in  Figure  6.60.  With  four  or  more  riser 
branches  above  the  keeper,  a common  configuration, 

'e’ts  + 'p  ~ 6-37 

It  is  evident  that  with  only  two  risers,  the  para- 
chute lacks  rotational  symmetry,  having  one  conflu- 
ence point  in  the  longitudinal  plane  of  symmetry  at 
the  line  to  riser  attachments  and  an  effective  conflu- 
ence much  lower  in  the  plane  of  the  risers.  This  dis- 
torts the  inflated  canopy,  making  it  slightly  oval  with 
major  axis  transverse,  as  in  the  familiar  personnel 
parachute  confiauration. 

Parachutes  and  drogues  with  multiple  risers  attach- 
ed to  separate  hard  points  on  the  body  have  an  effec- 
tive confluence  point  upstream  for  which  the  effec- 
tive length  is  greater  than  ls  + Ip  as  shown  in  Figure 
6.60.  The  variation  of  COo  with  effective  rigging 


length  is  shown  in  Figure  6.61  for  a number  of  differ- 
ent circular  parachutes. 

It  is  evident  that  Dp  must  be  strongly  dependent 
on  the  effective  length  until  with  increasing  length, 
the  canopy  skirt  comes  under  sufficient  tension  to 
resist  further  radial  expansion.  Consequently,  the 
increase  of  Cqq  with  le  varies  significantly  among  the 
different  canopy  designs  as  shown,  but  divides  mainly 
between  the  models  with  positive  skirt  angles  and 
those  with  zero  to  negative  skirt  angles.  This  ;s  the 
structural  feature  that  determines  the  extent  to  which 
the  canopy  mouth  can  open  before  the  skirt  tension 
builds  up  enough  to  make  Dp  and  Cqq  invarient  with 
the  effective  length  of  the  suspension  lines. 

Gore  Shape.  The  influence  of  gore  shape'  on  the 
inflated  profile  of  the  canopy  depends  somewhat  on 
whether  the  gore  is  assembled  from  bias-cut  or  block- 
cut  sections  of  cloth.  Gore  shape  is  less  influential 
with  bias  construction  because  of  the  radial  and  cir- 
cumferential elongation  of  material  that  takes  place 
at  very  light  pressure  levels.  When  bias-cut  cloth. is 
used,  a markr  j change  in  gore  coordinates  is  required 
to  produce  a desired  change  in  the  canopy  profile, 
which  in  circular  canopies  tends  to  remain  a smoothly 
rounded  ellipsoid  with  its  super-imposed  characteris- 
tic radial  pattern  of  bulging  gores.  Presumably,  this 
effect  is  largely  responsible  for  the  improved  Cq0  of 
"conical"  canopies  relative  to  the  flat  design;  there  is 
no  significant  difference  in  inflated  profile,  and  less 
cloth  is  required  to  produce  the  same  projected  area. 

When  the  gore  is  assembled  from  block-cut  sec- 
tions, the  reduced  circumferential  elasticity  of  the 
cloth  exercises  a firmer  control  over  the  canopy  pro- 
file and  the  small  drag  advantage  of  the  conical  cano- 
py relative  to  the  flat  canopy  largely  disappears. 
Block  construction  is  confined  mainly  to  slotted 
canopy  designs,  and  differences  in  gore  coordinate 
schemes  are  more  clearly  reflected  in  their  inflated 
profiles,  particularly  in  the  crown  area. 

, In  either  case,  bias  or  block,  the  gore  shape  that 
produces  the  largest  ratio  of  Sp/S0  will  generally 
yield  the  highest  drag  coefficient  when  other  design 
parameters  are  equivalent  This  area  ratio  is  reflected 
in  the  fineness  ratio  of  the  inflated  canopy,  i.e., 
hfy’Dp,  which  varies  noticeably  from  one  design  to 
another. 

Another  indicator  appears  when  the  average  width 
to  length  ratio  of  the  gore  is  excessive  by  as  little  as 
three  percent  in  relation  to  the  number  of  gores.  This 
produces  a surplus  of  cloth  circumferentially  around 
the  canopy  that  cannot  be  completely  filled  out 
against  the  radial  component  of  suspension  line  ten- 
sion by  the  internal  pressure  force.  In-folding,  of 
several  gores  results  and  Sp/SQ  is  sharply  reduced. 
The  same  effect  may  be  produced  by  rigging  the  cross- 
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vent  lines  Shorter  than  the  design  vent  diameter,  a 
method  sometimes  employed  to  provide  stress  relief. 

Skirt  Angle  of  Attack.  Another  shape  factor 
affecting  Cq  is  a sharply  negative  conical  skirt  of  sub- 
stantial width  which  tends  to  streamline  the  canopy 
and  delay  flow  separation,  thereby  weakening  the  tur- 
bulent wake,  a factor  which  accounts  for  the  relative- 
ly'low  drag  coefficients  of  the  Guide  Surface  drogues. 
In  the  Ballute  this  effect  is  amplified  further. 

Canopy  Fineness  Ratio.  Some  appendages  added 
to  the  canopy,  increase  its  fineness  ratio  and  augment 
S0  at  the  same  time.  As  noted,  the  ratio  of  the  height 
of  the  inflated  canopy  to  its  projected  diameter, 
VV-  varies  from  one  design  to  another  but  appar- 
ently has  little  effect  on  the  average  drag  coefficient 
until  it  is  mechanically  exaggerated  by  the  addition  of 
a super-structure  such  as  the  conical  extension  of  this 
class  of  mid-air  retrieval  parachutes. 

Another  method  of  changing  the  fineness  ratio  of 
an  inflated  canopy,  but  with  no  actual  change  in 
is  represented  by  skirt  reefing.  The  usual  problem 
arises  with  reefed  parachutes,  that  of  obtaining  rea- 
sonably good  measurement  of  inflated  canopy  dimen- 
sions. Some  fineness  ratio  data  have  been  obtained 
from  wind  tunnel  work,  References  217  and  350,  and 
•some  from  calculations  based  on  photogrammetry 
and  calculated  geometrical  relationships.  The  effect 
of  canopy  fineness  ratio  on  CQp  is  shown  in  Figure 
6.62  for  various  parachute  configurations  and  related 
wind  tunnel  models. 


Annular  Shape.  The  large  central  “vent"  of  t 
annular  canopy  does  not  have  the  same  effect 
total  drag  that  the  vent  of  the  other  circular  canop 
have.  Topologically  the  large  vent  is  part  of  the  o 
side  or  ambient  environment  and  so  is  not  includ 
in  the  calculation  of  the  canopy  area,  SQ.  The  cc 
figuration  has  two  limits: 

As  Dy/Dp  approaches  zero  the  annular 
, canopy  reaches  the  configuration  of  the 
solid  circular  canopy  with  apex  retracted 
by  a central  line. 

As  Dy/Dp  approaches  unity  the  aspect 
ratio  of  the  annular  surface  approaches 
infinity  and  the  airflow  changes  in  charac- 
ter .progressively  from  3-dimensional 
toward  2-dimensional. 

Scale  or  Nominal  Diameter.  [In  this  conte. 
Reynolds  number  is  nearly  proportional  to  D0  only 
The  fact  that  large  parachutes  have  less  tolerance  f 
porosity  than  small  models  of  the  same  type  m<- 
actually  be  the  result  of  increased  relative  elastici 
rather  than  greater  sensitivity  to  the  increased  turb 
fence  attending  large  ratios  of  inertial  to  vised 
forces  signified  by  high  Reynolds  numbers.  Tf 
implication  is  that  to  maintain  the  same  effecth 
porosity  in  a more  elastic  canopy  the  design  porosil 
must  be  reduced.  The  total  porosity  of  large  ribbe 
and  ringslot  canopies  is  made  less  than  for  sms 
models  to  preserve  reliability  of  opening.  The  gradu. 
upward  trend  of  Cq  with  canopy  scale  may  result  i 
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Adapted  From  References  184,  217  and  350 

A 70*  Flat  Extended  Skirt  (35  Ft  Og)  A With  15  Ft  Cone 

Q 10%  Extended  Skirt  (34.5  Ft  Og)  [H  Reefed  8%  D0 

0 10%  Extended  Skirt  (57.2  Ft  Dg)  <5  With  15  Ft  Cone 

<3?  Ringtail  (88.1  Ft  Dg)  ^ Reefed  10-15%  Oq 

Q Nylon  Sail  in  W.T.9  a-  9<P  (\,-  90  - 140  FPM) 

<£j  Impervious  Circular  Copt  and  Dirk  (Ref.  350) 
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part  from  the  reduced  effective  porosity  prevailing 
during  descent  when  Ap  is  much  lower.  This  upward 
trend  of  Cq  with  increasing  parachute  scale  or  nomi- 
nal diameter  of  the  canopy  is  illustrated  in  Figure 
6.63  for  several  different  parachute  types  at  the  same 
unit  canopy  loading  and  effective  line  length  ratio.  It 
is  evident  that  the  configuration  of  a large  parachute 
is  not  identical  to  that  of  the  small  parachute  of  the 
same  design  type  after  salient  design  parameters  have 
been  equalized: 

The  number  of  gores,  being  proportional 
to  the  diameter  ratio,  is  greater. 

The  structure,  when  fabricated  from  the 
same  materials,  is  proportionately  thinner 
and  more  flexible. 

The  internal  loads  are  generally  higher 
because  the  canopy  radius  of  curvature  is 
larger  and  the  total  load  increases  as  the 
square  of  the  diameter,  while  the  number 
of  suspension  lines  increases  as  the  num- 
' ber  of  gores,  almost  linearly  with  dia- 
meter. 

With  higher  internal  unit  loads  at  the  same  unit  cano- 
py load  the  relative  elongation  of  all  components  of 
the  large  canopy  will  be  greater  than  for  the  small 
ones.  This  presumably  is  the  elasticity  factor  leading 
to  the  use  of  a lower  design  porosity  for  the  large 
slotted  canopy,  but  in  solid  cloth  canopies  the  design 
porosity  is  fixed  by  the  fabric  employed.  Thus, 
another  factor  affecting  CQ0 would  be  increased  pro- 
jected diameter  ratio  resulting  from  the  higher  rela- 
tive elongation  of  the  structure,  the  effect  on 
being  too  small  to  be  significant  during  steady  de- 

I~1  Tj  [ 1 |T 


scent.  In  view  of  this,  it  would  appear  that  the 
increased  relative  projected  area,  Sp/S0,  is  the  domi- 
nant factor  in  parachute  types  which  exhibit  higher 
drag  coefficients  in  large  models  than  in  small  ones. 
The  data  trend  for  these  parachutes  is  generally  con- 
trary to  the  evaluations  made  by  earlier  investigators. 


DRAG  AREA  CONTROL 

Some  deceferator  systems  employ  a canopy  (or 
duster  of  canopies ) that  is  allowed  to  open  and  in- 
flate fully  without  restraint.  Examples  are  personnel 
parachutes,  light  cargo  airdrop  systems,  and  others  in 
which  the  loading  conditions  are  compatible  with  the 
structural  Strength  of  the  deceferator  and  the  vehicle 
and  with  the  tolerance  of  the  payload  for  impact 
shocks  and  deceleration. 

Multi-stage  systems  are  designed  to  limit  peak 
loads  and  decelerations  to  acceptable  levels  through 
the  use  of  drag  area  control.  This  is  effected  step- 
wise either  with  two  or  more  decelerators  of  different 
sizes  deployed  sequentially,  or  with  canopy  reefing 
Of  the  various  reefing  methods  tested  experimentally, 
skirt  reefing  with  a short  line  loop  in  running  rings 
around  the  air  inlet  or  skirt  of  the  canopy  has  been 
used  most  extensively. 

Canopy  Skirt  Reefing 

For  practical  skirt  reefing  systems  of  the  types 
widely  used,  the  reefing  ratio  is  defined  as  the  ratio  of 
the  diameter  of  the  reefing  line  circle,  Dr,  to  the 
canopy  nominal  diameter,  D0,  frequently  expressed 
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Figure  6.64  Drag  Area  Ratio  vs.  Reefing  Ratio  for 
Solid  Circular,  Extended  Skirt,  Ringsiot, 
Ringsail  and  Ribbon  Parachutes 
(from  Ref.  393) 

as  a1  percentage.  Because  the  reefed  canopy  continues 
to  inflate  for  a while  after  the  reefing  line  comes  taut, 
it  is  de-'rable  to  distinguish  between  reefed  drag  area 
at  the  time  the  opening  force  reaches  its  maximum 
value,  and  reefed  drag  area  at  the  instant  of  disreefing. 
Steady-state  measurements  of  reefed  drag  area  in  the 
wind-tunnel  are  representative  of  the  latter  condition, 
because  usually  at  disreef  the  system  is  approaching 
an  equilibrium  descent  condition.  Full-scale  free- 
flight  evaluation  of  reefed  drag  area  is  based  on  this 
assumption.  Trajectory  analysis  of  a system  flight 
test  yields  F/q  of  the  parachute  as  a function  of  time 
and  whenever  the  rate  of  change  becomes  small,  often 
the  case  at  disreef,  the  instantaneous  value  of  F/q  is 
taken  to  represent  the  reefed  drag  area,  (CgS)r  Aver- 
age values  for  a number  of  tests  are  then  evaluated  in 
terms  of  (CQS)r/(CpS)0  as  a function  of  D/D0.  The 
test  data  show  considerable  scatter  so  that  the  faired 
curves  used  for  design  purposes  yield  only  approxi- 
mate reefed  drag  areas  in  most  cases  and  usually 
require  verification  by  aerial  drop  tests  of  the  new 
system. 

Reefed  Drag  Area  vs  Reefing  Ratio.  For  circular 
canopies  the  reefing  ratio  has  been  defined  as  D/Dp9? 
V'hen  the  reefing  line  is  under  tension  it  does  not 


form  a circle,  but  a nearly  regular  polygon.  Conse- 
quently, the  canopy  inlet  area  for  a given  reefing  ratic 
varies  to  some  extent  with  the  number  of  gores  in  the 
canopy,  becoming  potentially  a scale  effect.  However, 
within  the  present  state-of-the-art  this  is  a minot 
factor  lost  in  normal  data  scatter. 

The  variation  of  (CqS)/(CqS)0  with  D/D0  i: 
shown  in  Figure  6.64  for  a number  of  different  para 
chute  types.  The  faired  curves  are  derived  from  thi 
average  data  of  Reference  393  obtained  from  a larg 
number  of  full  scale  drop  tests  and  a few  wind  tunne 
tests.  At  (CqSI/ICqSIq  = 1.0  the  canopy  is  fully  in 
flated  and  the  curves  tend  to  converge  on  DfJD0  ■ 
0.637  or  2/it,  which  is  the  theoretical  maximum  reel 
ing  ratio  of  an  idealized  flat  circular  canopy  (se 
Chapter  2i.  This  point  may  be  used  as  a guide  ii 
fairing  through  full  scale  tests  data  and  helps  detei 
mine  the  quality  of  the  small  model  data. 

Drag  Coefficient  vs  Reefing  Ratio.  In  a limite 
number  of  cases  it  has  been  possible  to  measure  th 
projected  diameter  of  the  inflated  canopy  both  reefe 
and  full  open  and  so  provide  a basis  for  evaluation  c 
Sp  and  Cpp.  The  results  are  plotted  in  normalize 
form  in  Figure  6.65.  In  view  of  Fig.  6.62  shoxng  th 
effects  of  the  fineness  ratio  of  the  inflated  canopy  c 
CDP  it  appears  unlikely  that  the  non-dimension 
drag  coefficient  would  be  less  than  CdJCdpq  * 0.3 
for  any  practical  reefing  ratio  smaller  than  Dr/D0 
0.08.  At  Df/Dp  < 0.05  twisting  of  the  reefed  par 
chute  and  twisted  line  malfunctions  become  potenti 
hazards. 

The  data  for  18  inch  (D0)  models  derived  fro 
measurements  reported  in  Reference  475  are  preser 
ed  for  comparison.  While  the  slotted  models  folic 
the  general  trend  established  by  the  35  inch  (Dt 
conical  ribbon  data,  the  solid  cloth  models  show 
radically  different  behavior.  Photographs  of  the 
models  in  the  wind  tunnel  reveal  an  over-expand 
inflated  profile  characteristic  of  low  porosity  can 
pies,  rather  than  the  elongated  profile  seen  in  the  ty 
ical  full  scale  reefed  canopy.  Thus,  both  non-set 
stiffness  and  porositv  of  the' models  may  be  respon 
ble  for  the  discontinuity  in  the  drag  coefficients 
the  solid  cloth  models  for  reefing  ratios  greater  th 
D/D0  =a  0. 18,  i.e„  apparently  the  total  drag  does  r 
increase  in  proportion  to  the  increased  projected  ai 
of  these  models., 

Reefed  High-Glide  Parachutes  • 

Reefing  of  high  performance  gliding  parachu 
was  only  partly  successful  over  the.normal  range 
deployment  velocities  until  methods  were  develot 
for  the  temporary  equalization , of  suspension  I 
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Canopy  Type 


O 88.1  Ft  (Dq) 

O 34.5  Ft  (Dg) 
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35  In  (Dg) 

0 18  In 
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Ringtail  l\ym  7.4%) 

10%  Ext.  Skirt 

20°  Con.  Ribbon  (\g-  16%) 

20°  Con.  Ribbon  0^- 25%) 

Flat  Circular 

20°  Con.  Ribbon 

Ringtlot  Cky-  17.5%) 

10%  Fiat  Extended  Skirt 


REEFING  RATIO  (D/Dg) 

Figure  6.65  . Variation  of  CQp  With  Reefing  Ratio 
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Figure  6.66  Meeeured  Peak  g't  ve  Opening  Stage  of  4000  Ft 1 (Sw)  Twin  Keel  Ferawlng 
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lengths  during  deployment  and  opening.  This 
approach  was  found  necessary  in  order  to  bring  the 
extremes  of  inequitable  line  load  distributions  within 
manageable  limits.  At  the  same  time,  it  was  essential 
that  the  reefing  of  the  canopy  neutralize  the  gliding 
tendency  by  forming  balanced  pockets  or  lobes  in  the 
pressurized  areas,  otherwise  strong  aerodynamic 
moments  resulted. 

The  multi-stage  reefing  technique  developed  for  a 
twin-keel  Parawing  of  Sw  = 4000  ft2  reported  by 
Moeller  and  Linhart  (Refs.  398  and  220),  was  an  out- 
growth of  that  developed  earlier  by  Linhart  and 
Riley400fOr  a 40  .ft  (D^)  Cloverleaf  steerable  para- 
chute, both  involving  three-lobed  configurations. 
However,  line  equalization  was  needed  only  on  the 
Parawing,  the  Cloverleaf  having  evolved  from  para- 
chute practice  with  all  lines  of  equal  length.  • The 


Figufm  6.67  Panwing  Daacanding  in  Reefed  Mode 


development  of  flexible  wing  reefing  systems  w. 
approached  from  two  directions:  conventional  fixe 
wing  aerodynamics  and  parachute  aeroelastic  dynar 
ics.  The  first  approach  produced  reefed  systems  sui 
abld  for  low  speed  deployment,  the  second  for  tf 
deployment  speeds  characteristic  of  spacecraft  Ian 
ing  systems  (q  = 30  to  100  psf).  Performance  of  tf 
four-stage  reefing  system  deve'oped  for  the  4000  f 
«W>  twin-keet  Parawing  is  illustrated  in  Figure  6.66. 

Successful  deplovment  and  inflation  of  a (300)f- 
Parafoil  system  at  speeds  of  125-130  kts  EAS  w 
demonstrated,32employinga  hybrid  reefing  system 
which  the  line  lengths  were  equalized  for  a wing  ano 
of  attack  of  0°.  It  was  necessary  to  reef  the  inlet  an 
of  the  air  cells  across  the  full  span  to  prevent  fabr 
rupture  by  over-pressurization.  Upon  disreefing,  tl 
cell  inlets  opened  fully.  After  two  seconds  time  del. 
the  Parafoil  was  allowed  to  pitch  to  the  built-in  gli< 
trim  angle.  The  effect  of  this  reefing  technique  < 
measured  Parafoil  opening  forces  was  evaluated 
terms  of  a dimensionless  coefficient  defined  as 

Ctx  “ Fx/qSw  6'- 

where  q is  the  dynamic  pressure  at  the  start  of  fillii 
(snatch  and  disreef)  and  Sw  is  the  planform  area 
the  canopy.  Table  6.10  gives  opening  force  coef 
cient  values  recorded  in  full  scale  drop  tests  of  tl 
300  ft2  Parafoil  model  with  a suspended  load 
650  lbs  and  a gross  load  of  705  lbs.  Deploymen 
were  effected  at  dynamic  pressures  up  to  q * 57 pt 

Performance  characteristics  of  reefed  Volplar 
Sailwing,  and  Paraplane  personnel  parachutes  obtai 
ed  during  drop  tests  are  reported  in  Refs.  402  , 40 
and  476 , spectively. 


Figura  6.68  Clustered  Canopies  with  Apexes 
Retracted 
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Multi-Stage  Suspension  Line  Reefing 

Temporary  shortening  of  all  suspension  lines  has 
the  type  of  reefing  effect  on  canopy  drag  area  indica- 
ted by  Figures  6.59  and  6.61.  Moreover,  temporary 
equalization  of  suspension  line  lengths  on  £ high-glide 
parachute  shortens  them  in  varying  amounts  which 
automatically  has  the  effect  of  constricting  the  pro- 
jected area  of  the  canopy  (Figure  6.67).  Use  of  this 
principle  as  a means  of  effecting  multi-stage  reefing 
, ^ was  investigated  experimentally  on  a 400  ft2  (SJ 
/ g Parawing136'477.  With  a series  of  four  reefed  stages 
f of  increasing  effective  suspension  line  length,  it 

proved  feasible  to  limit  disreef  opening  forces  to 
approximately  3 g’s.  The  suspension  line  reefed 
stages  were  preceded  by  one  canopy  reefed  stage  for 
which  the  opening  forces  were  consistently  low 

1.8  to  2.8  g's).  but  measured  snatch  forces  were 
consistently  high  (^  6 to  12 g's). 

Canopy  Apex  Retraction 

Originally  conceived  and  tested  as  a reefing  meth- 
od, retraction  of  the  canopy  apex  with  an  axial  con- 
trol line  has  more  recently  been  used  a means  of  both 
shortening  the  filling  time  and  increasing  the  effective 
drag  area  of  the  fully  inflated  canopy.  For  this  pur- 
pose the  ape:;  retraction  i ..  made  a # xed  length 
which  will  pull  the  apex  down  3 in  the  range 

of  0.25-0.40  Dq.  The  effects  of  this  type  of  rigging 
on  the  inflated  shape  and  steady  state  internal  loads 
of  flat  circular  parachutes  are  shown  in  Figures  6.68 
and  6.69  respectively  The  drag  and  stability  charac- 
teristics from  wind  tunnel  tests  of  small  cloth  para- 
chute models  with  axial  (apex  retraction)  lines  are 
reported  in  Reference  478 . 


TABLE  8.10  PARAFOIL  OPENING  FORCE 
COEFFICIENT 


Conditions 

Min. 

CTX 

Mean 

Max. 

Non-reefed 

.37 

.53 

.69 

Reefed: 

a)  (Cell  inlets  reduced) 

.12 

.18 

.23 

b)  (Cell  inlets  open) 

.17 

.35 

.58 

Disreef  to  full: 

a)  Cells  reefed 

.19 

.55 

1.35 

b)  Cells  open 

.8 

1.6 

2.8 

STABILITY 


The  stability  of  deployable  aerodynamic  decelera- 
tion systems  is  the  joint  product  of  the  aerodynamic 
characteristics  of  the  body  and  the  decelerator  and  of 
the  influence  each  has  on  the  other.  A stable  winged 
craft  may  b> | destabilised  by  application  of  the  drag 
of  a stable  cxcelerator  at  an  unfavorable  point  on  the 
body.  A stably  decelerator  may  be  destabilized  by  the 
wake  of  the  body.  A body  and  a decelerator  that  are 
both  unstable  may  be  stabilized  by  joining  them  to- 
gether with  a harness  of  suitable  design. 

The  motion  of  a system  moving  freely  through  air 
may  exhibit  two  general  classes  of  stability: 

Static  stability  is  the  tendency  of  a system  to  de- 
velop steady-state  restoring  moments  vdien  disturbed 
from  a position  of  equilibrium. 

Dynamic  stability  is  the  tendency  of  a moving  sys- 
tem to  develop  moments  that  act  to  damp  unsteady 
mod  on  (Figure  6.70a). 

The  system  may  have  none,  one,  or  more  than  one 
position  of  equilibrium.  Its  static  stability  at  any 
given  equilibrium  position  depends  upon  the  way  in 
which  the  aerodynamic  moment  changes  when  the 
system  angle  of  attack  is  changed.  The  degree  o f stat- 
ic stability  is  proportional  to  dCM/da,  the  slope  of 
the  moment  curve  when  plotted  against  angle  of 
attack  (Fig.  6.70b).  Static  stability  or  a condition  of 
stable  equilibrium  is  necessary  to  obtain  dynamic 
stability,  but  static  stability  does  not  ensure  dynamic 
stability.  Classical  aerodynamics  teaches  that  too 
much  static  stability  may  cause  dynamic  instability  if 
damping  is  inadequate.  A system  is  dynamically  sta- 
ble when  the  restoring  moments  work  to  decrease  the 
amplitude  of  each  succeeding  oscillation  toward  zero 
or  to  a small  steady  State  amplitude. 

Static  Stability  - Circular  Canopy 

The  system  of  axes  used  for  static  stability  con- 
siderations is  shown  in  Figure  6.71.  By  definition, 

- M/Dcfi  | 6-39 

where  D is  the  canopy  diameter  corresponding  to  the 
characteristic  area  S.  The  aerodynamic  moment  M, 
appears  whenever  the  aerodynamic,  force  Vector 
departs  from  the  system  center  of  gravity;  unsteady 
motion  follows.  This  behavior  is  also  described  by 
evaluation  of  the  axial  and  normal  force  components 
FA  “ CASd  and  fn  m CNSq,  when  the  canbpy  is 
constrained  in  the  wind  tunnel  at  a given  angle  of 
attack.  Then  the  aerodynamic  moment  is  M - V 

3nd  Cn-Cu(D/I)  6-40 

where  / is  a significant  length,  such  as  the  d stance 
from  the  Center  of  pressure  of  the  canopy  to  the 
center  of  mass  of  the  body  shown  in  Figure  6.7 1.  C/v 


0 10  20  30  40  SO  60  70 

Apex  A*  (%Do) 

b)  Fortes  in  Parachute  Suspension  Members  vs  Apex 
Retraction  Distance,  During  Equilibrium  Descent 

Figure  669  Retraction  of  Canopy  Apex  With  Axial  Line 

varies  with  a in  the  same  way  Cu  varies,  but  the  alge-  mainly  on  total  porosity.  The  relative  instability  of 
braic  sign  is  opposite,  i.e.,  a positive  side- force  causes  the  other  models  is  generally  indicative  of  full-scale 

a negative  or  destabilizing  moment.  • parachute  trends,  the  stable  angle  of  attack  corres- 

The  static  stability  characteristics  of  small  flexible  ponding  roughly  to  the  average  amplitude  of  pendular 

canopy  models,  constrained  in  wind  tunnel  to  main-  oscillations  experienced  during  equilibrium  descent 

tain  different  angles  of  attack,  are  presented  in  Figure  0*  course,  the  parachute  must  swing  beyond  the 

6.72.  The  moment  coefficient  Cm  in  this  case  was  stable  a t0  fee*  an  aerodynamic  restoring  moment, 

calculated  lor  Dp  and  Sp  derived  by  photogrammetry.  but  Planar  oscillations  seldom  occur.  The  motion  of 

Unknown  wind-tunnel  and  scale  effects  limit  the  use-  tbe  can°PV  through  the  air  produces  a series  of  vor- 

fulness  of  these  data  to  a broad  qualitative  level.  tices  that  form  and  shed  periodically,  but  at  different 

Static  stability  of  the  canopy  is  signified  by  negative  sectors  in  succession,  causing  the  aerodynamic  force 

values  of  dC/j^/efa  At  a “0.  varying  degrees  of  static  vector  to  shift  about  in  various  ways.  Usually  the 

stability  are  indicated  for  the  ringslot,  ribbon,  ribbed  parachute  attempts  to  glide  but  the  rapid  changes  in 

and  ribless  guide  surface  canopies,  as  constrained  by  direction  generate  oscillations  instead  Rarely,  a roia- 

the  wind  tunnel  supports.  Full  scale  ringslot  and  rib-  tional  sequence  will  be  established  and  a steady 

bon  parachutes  generally  are  npt  statically  stable  at  coning  motion  of  constant  angular  velocity  will  be 

a ■ 0,  but  exhibit  pendular  oscillations  of  small  to  sustained  throughout  the  descent,  possibly  analogous 

moderate  amplitudes  (±2  to  15  degrees)  depending  to  gliding  in  a tight  spiral. 


•I  Dimptd  Otc'llatiou  Trentient  Following  Horizontal  bl  Variation  of  Parachute  Moment  Coefficient  with  Canopy 
Deployment  Angle  of  Attack 

Figure  C.70  Typical  Static  and  Dynamic  Stability  Characteristics  of  Parachute-Body  System 
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• The  absolute  size  of  the  vortices  formed  is  related 
to  the  diameter  and  inflated  profile  of  the  canopy 
and  to  its  total  porosity  and  the  porosity  distribution. 
The  effect  of  usihg  cloth  of  different  permeabilities 
on  the  static  stability  of  a small  flat  circular  canopy 
in  the  wind  tunnel  is  illustrated  in  Figure  6.73.  In 
this  set  the  moment  coefficient,  CM0-  is  based  on  Da 
and  S0,  and  , so  is  smaller  than  corresponding  CMp 
values.  However,  the  values  of  ctg  when  Cy  = 0 are 
the  same.  Presumably  high  porosity  produces  im- 
proved static  stability  by  reducing  the  vortex  growth 
prior  to  shedding,  thus  weakening  the  aerodynamic 
side-force  component  or  C/y  Although  the  opening 
load  factor  is  also  reduced,  the  opening  tendency  is 
weakened.  Therefore,  experience  has  taught  that 


Figure  6. 7 1 TheSvttam  of  Axm  Used  for  Static 
Stability  Considerations 


each  different  canopy  type  has  a practical  upper  limit 
to  the  air  permeability  of  the  cloth  used  in  its  con- 
struction. It  is  evident  that  the  static  stability  gained 
from  increased  porosity  in  any  form  is  weak  because 
the  slope  of  the  curves  f-dC/^/da)  in  the  vicinity  of 
a = 0 is  small  relative  to  that  provided  by  the  inverted 
conical  skirt  and  shallow  inflated  profile  of  the  guide' 
surface  models,  or  by  the  axisymmetric  interference 
flow  channels  of  the  cross  parachute,  for  which  the 
aspect  ratio  of  the  diametral  arms  is  a pertinent  para- 
meter47® 


Stabilization  Parachutes.  One  class  of  drogue  is 
designed  specifically  to  stabilize  body  motion  along  a 
ballistic  trajectory  (bombs),  and  sometimes  during  a 
booster  rocket  thrust  transient  (ejection  seats  and  es- 
cape capsules).  The  special  stabilization  type  of  riser 
harness  structures  used  for  this  purpose  are  designed 
to  minimize  the  angular  deflection  required  to  bring 
effective  restoring  moments  into  play.  Three  or  more 
attachment  points  are  provided  on  the  body  for  har- 
ness legs  or  groups  of  suspension  lines.  Within  limits, 
such  parachute  stabilization  systems  can  be  treated  as 
rigid  bodies  because,  with  a reasonably  clean  body  of 
adequate  fineness  ratio,  the  airstream  is  deflected  by 
body  lift  and  the  parachute  follows  the  "downwash", 
Figure  6.74.  While  the  multi-line  or  geodesic  cou- 
pling of  the  canopy  to  the  base  of  the  vehicle  may 
help  transmit  pitch  and  yaw  deflections  to  the  cano- 
py, this  is  not  a necessary  condition  to  the  position- 
keeping of  a stable  canopy  close  to  the  wake  center- 
line.  On  the  other  hand,  if  the  initial  deflection  of 
the  vehicle  is  large,  the  canopy  remains  clear  of  the 
downwash  and  a typical  drag  restoring  moment  is 
generated.  Once  the  canopy  is  engulfed  by  the  wake 
flow,  subsequent  restoring  moments  are  generated  by 
the  dissymmetry  of  the  flow  impinging  on  the  cano- 
py, and  its  action  may  be  viewed  as  roughly  analo- 
gous to  that  of  the  flared  base-cone  on  a rigid  body. 

The  stabilizing  effect  of  a Ballute  operating  in  the 
wake  of  a model  booster  in  the  wind  tunnel  was 
reported  in  Reference 442,  The  test  configuration  ana 
static  stability  characteristics  of  the  system  are  shown 
in  Figure  6.75.  Pitching  moment  coefficients  and 
rate  of  change  are  summarized  as  a function  of  angle 
of  attack  at  different  supersonic  Mach  numbers. 

High  Glide  Canopy 

Static  longitudinal  stability  data  acquired  during 
tests  of  Pdrafoil  type480  and  Parawing  type  481  high 
glide  canopies  is  presented  in  Figures  6.76  and  6.77, 
respectively.  The  system  of  axes  used  for  the  tests  is 
shown  in  Figure  6.78.  The  Parafoil  type  designs  test- 
ed (see  Table  6.11  for  physical  characteristics)  were 
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statically  longitudinally  stable  over  the  entire  test 
angle  of  attack  range  of  0°  to  70°  except  for  a slight 
unstable  break  in  the- pitching  moment  curves  at 
angles  of  attack  just  beyond  that  for  stall.  The  static 
stability  characteristics  observed  in  these  tests  are 
representative  of  high  glide  canopies  of  this  design. 

The  Parawing  data  shown  is  for  a non-porous 
model  design.  The  total  test  program  ihvestigated 
other  models  which  incorporated  porous  material  in 
the  outer  lobes.  The  angle  of  attack  is  changed  by 
shortening  of  the  aft  keel  lines.  The  range  is  normally 
limited  at  the  low  end  (L/Dmax)  by  the  angle  for 
partial  nose  collapse  and  at  the  high  end  by  the  onset 
of  excessive  oscillations. 

As  shown  in  Figure  6.77,  an  increase  in  dynamic 
pressure  (which  simulates  an  increase  in  wing  loading) 
resulted  in  a negligible  change  in  the  longitudinal 
stability  characteristics.  A small  decrease  in  perform- 
ance was  observed  with  the  porous  models  with  in- 
creasing dynamic  pressure. 

Tandem  Parachutes 

In  rr  id-air  retrieval  systems  the  position-stability 
of  the  engagement  canopy  relative  to  the  main  cano- 
py is  of  paramount  importance.  The  engagement 
canopy  constitutes  a difficult  target  at  best  and  when 
it  wanders  about  erratically  or  orbits  the  main  canopy 
at  the  end  of  its  long  tow-line  the  approach  and 
closing  maneuver  of  the  pursuing  aircraft  becomes 
complicated. 

The  stability  of  the  main  parachute  is  of  impor- 


Figura  6. 74  Schematic  of  Bomb  Waka  Downwash  Due 
to  Body-Lift  (With  Stabilization  Para.) 

tance  only  as  it  influences  the  motion  of  the  engage- 
ment chute,  because  the  descent  path  is  relatively 
steady  most  of  the  time.  The  principal  problem 
encountered  in  a well-designed  gliding  system  is  lack 
of  perfect  longitudinal  symmetry,  due  either  to 
manufacturing  tolerances  or  to  non-uniform  line 
elongation , during  the  opening  force  transient,  which 
causes  the  system  to  execute  a slow  turn  as  it  de- 
scends. Insofar  as  position  stability  of  the  engage- 
ment canopy  is  concerned,  the  difference  between 
MARS-H  gliding  and  non-gliding  configurations  is 


illustrated  by  Figure  6.79  adapted  from  Reference 
180,  The  significance  of  the  coordinate  system  is  illus- 
trated in  Figure  6.80  along  with  the  dimensions  perti- 
nent to  the  stability  analysis. 

The  glide  configuration  of  the  MARS-H  main 
canopy  is  illustrated  schematically  in  Figure  6.80c. 
The  area  of  cloth  replaced  with  the  open  mesh  fabric 
(marquisette)  was  7.1  percent  S0  and,  having  an 
effective  porosity  in  the  order  of  c “0.60  at  h#  m 2.6 
psf,  the  equivalent  geometric  porosity  was  approxi- 
mately 4.26  percent.  This  proved  to  be  excessive  be- 
cause in  over  half  of  the  tests  reported,  the  main  para- 
chute exhibited  the  bucking  motion.  As  noted  earlier 
the  bucking  motion  is  characteristic  of  any  gliding 
canopy  trimmed  for  a glide  ratio  greater  than  its  in- 
herent limit  imposed  by  collapsing  of  the  leading  edge 
by  the  local  stagnation  pressure.  Tne  phenomenon, 
encountered  in  this  case  mainly  when  the  equilibrium 
dynamic  pressure  was  greater  than  qe  » 0.8  psf,  was 
characterized  by  pitching  oscillations  of  15  to  20 
degrees. 

As  a result  of  gliding  parachute  tests  aimed  at  im- 
proved Stability  of  tandem  canopy  systems.  Epple172 
Observed  that  three  percent  open  area  on  the  trailing 
side  was  sufficient,  and  little  in  the  way  of  stability 
was  gained  when  \g  was  increased  from  3 to  3. 7 per- 
cent. Accordingly,  experimental  glide  configurations 
of  the  MARS-L  79.6  ft  (Dg)  tri-conical  canopy  were 
equipped  with  marquisette  panels  near  the  skirt  for 
which  » 2.26  and  3.1  percent,  respectively.  A 
75  ft  (Dg)  polyconical  parachute  similarly  modified 
exhibited  a steady  glide  of  good  stability  with  buck- 
ing tendency. 


TABLE  6,11  DIMENSIONAL  CHARACTERISTICS 


Wing  Dimensions  . 

Wing  II 

Wing  III 

Span,  ft  (m) 

. 4.50(1.37) 

6.13  (1.87) 

Chord,  ft  (m) 

5.79(1.77) 

6.56  (2.00) 

Area,  ft1  (m* ) 

26.05  (2.42) 

40.21  (3.74) 

Aspect  ratio 

0.78 

0.94 

Thickness  ratio 

0.126  ■ 

0.164 

Inlet  opening  angle  meas. 
from  horizontal,  deg 

42 

45 

Not*:  M*t*rM  -1.1  os.  low  porotity  acrylic  eoatad  nylon 
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Figure  6. 76  Longitudinal  Aerodynamic  Characteristics  of  Parafoil  Designs  u and  III 
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Figure  6,79  Effect  of  Gliding  on  Position  Stability  of  MARS-H  Engagement  Canopy 


Effect  of  Clustering.  Clustered  parachutes  are 
more  stable  than  the  individual  member  parachutes 
by  a large  margin,  even  though  the  member  canopies 
tend  to  wander  about  at,  random  during  steady  de- 
scent390. Since  the  gliding  tendency  of  a cluster  is 
generally  negligible  and  the  member  canopies  do  not 
appear  to  be  operating  at  an  angle  of  attack  much  less 
than  a • 0 degrees  relative  to  the  local  flow  field 
about  each,  cluster  stability  may  be  attributed  mainly 
to  the  fact  that  the  motions  of  the  member  para- 
chutes tend  to  be  mutually  opposed  and  self  cancel- 
ling. 

Cluster  stability  appears  to  vary  somewhat  with 
the  number  of  parachutes  and  to  some  degree  with 
the  relative  rigging  length 566  . Those  clusters  in 
which  the  peripheral  canopies  have  the  least  tendency 
to  wander  likely  are  the  most  stable  and  may  be  of 
optimum  configuration  for  static  stability  if  not  for 
drag. 


Two-parachute  clusters,  such  as  those  subjected  to 
intensive  development  for  Apollo,  are  stable  in  the 
plane  of  the  cluster  but  tend  to  oscillate  in  the  nor- 
mal plane.  This  could  be  likened  to  the  transverse 
instability  of  gliding  systems  that  have  a high  degree 
of  static  stability  in  the  normal  or  pitch  plane  of  the 
glide. 

Dynamic  Stability 

Empirical  evaluation  of  the  dynamic  stability  of 
aerodynamic  decelerator  systems  entails  measurement 
of  the  amplitude  and  frequency  of  angular  deflections 
to  determine  the  rate  of  amplitude  decay  or  damping 
characteristics  . An  analytical  approach*82  is 
summarized  in  Chapter  7 which  uses  criteria  for 
longitudinal  dynamic  stability  to  define  the  minimum 
value  of  required  if  a parachute  system  is  to  be 
dynamically  stable  during  gliding  descent. 
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a)  Top  View  of  MARS  Axil  Systemi  and  Parameter! 


b)  Side  View  of  MARS  Axil  Syttemt  and  Parameter! 


Ktyhot*  Aiming  Gore 

LUarguiutte  Gliding  Panels 
I Gliding  Systems  Only  I 


c)  Top  View  of  MARS  Main  Canopy 


Figure  6.80  Schematic  of  Mid-Air  Retrieval 
Syttim  and  Coordinates 


Typical  dynamic  stability  of  a ballute-type  drogui 
in  an  entry  body  system  is  illustrated  in  Figure  6.8’ 
as  part  of  the  results  of  supersonic  wind  tunnel  test 
with  small  free  models  reported  in  Reference  44C 
In  a parachute  system  the  deployment  and  oper 
ing  transient  frequently  generates  a large  amplitud 
oscillation  as  shown  in  Figure  6.70.  This  first  oscillc 
tion  is  strongly  damped  by  the  combination  of  aerc 
dynamic  and  gravity  moments  developed  such  the 
after  roughly  one  and  one  half  cycles  an  equil ibriur 
descent  condition  is  reached  where  continuing  osci 
lation  merely  reflect  the  static  stability  characterise 
of  the  parachute,  as  in  Figure  6.71.  Any  subsequer 
disturbances  caused  by  wind  shear,  gusts,  etc.,  turbi 
lence  will  be  similarly  damped483.  Only  exceptions 
ly  stable  parachutes  will  damp  to  zero  amplitude  ; 
a = 0 degrees.  Most  gliding  parachutes  exhibit  a fe 
degree  of  dynamic  stability  in  pitch  when  trimmed  ■ 
glide  at  a statically  stable  angle  of  attack  less  than 
degrees. 


INTERNAL  LOAD  DISTRIBUTION 

The  primary  internal  load  path  for  decelerat 
opening  loads  is  from  fabric  panels  to  radial  or  n 
like  members,  with  some  flow  via  concentrations 
reinforcing  bands,  thence  to  suspension  lines  at 
risers  and  finally  through  the  harness  to  hard  poir 
on  the  body.  In  a circular  canopy  the  toad  in  t 
radials  increases  progressively  in  a non-linear  fashi 
from  vent  to  skirt  starting  at  roughly  half  its  ma 
mum  value 231  The  maximum  radial  load  is  genera 
reached  at  a point  in  the  canopy  corresponding  to  t 
maximum  inflated  diameter  either  reefed  or  non-re 
ed  (see  Figure  6.87). 

The  radial  load  in  the  doth  panels  of  the  gon 
zero  ' at  the  skirt  and  increases  along  a gradient  ti 
varies  with  the  canopy  design.  In  solid  cloth  can  of. 
the  gradient  is  steep  and  reaches  a maximum  in 
vicinity  of  0.75  hg  then  declines  rapidly  toward 
crown,  based  on  strain  measurements  with  a ft 
inflated  3 ft  (D0)  flat  circular  model  in  steady-st 
wind  tunnel  flow A similar  gradient  proba 
exists  in  slotted  canopies  with  numerous  vertical  i 
control  tapes,  otherwise  the  radial  load  is  logic, 
zero  at  all  uncon  trolled  sail  or  ribbon  edges. 

Suspension  Members 

The  distribution  of  suspension  line  loads  vs 
widely  from  one  type  of  system  to  another  bein' 
maximum  uniformity  during  the  opening  transier 
circular  or  axisymmetric  drag  devices.  The  gre£ 
inequity  of  load  distribution  occurs  in  high  r 
canopies  and  clustered  parachutes,  despite  meas 
taken  to  reduce  such  effects.  A large  Parawing  in: 
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mented  to  obtain  individual  suspension  line  loads 
showed  the  non-uniform  load  distribution  plotted  in 
Figure  6.82  through  success. ve  reefed  stages.  A line- 
length  equalization  method  similar  to  that  described 
in  Reference  398  was  used.  Reported  data  on  the 
measured  distribution  of  suspension  line  and  riser 
loads  in  the  individual  parachutes  of  a cluster  of  three 
circular  parachutes  are  presented  in  the  diagram  of 
Figure  6.83.  This  cluster  of  three  48  ft  (Da)  ribbon 
parachutes  also  shows  pronounced  inequity  of  open- 
ing loads  between  the  member  parachutes.  Line  and 
riser  load  distributions  are  roughly  representative  of 
the  averages  obtained  from  ten  aerial  drop  tests.  A 
typical  four-branch  cargo  suspension  sling  is  illustra- 
ted schematically  in  Figure  6.84.  Load  data  from 
Reference  127 , indicated  that  one  leg  of  this  type  of 
harness  may  be  subjected  to  as  much  as  36%  of  the 
total  load. 

Canopy 

Maximum  unit  loads  occur  in  an  inflating  canopy 
at  those  points  where  the  product  A pr  reaches  a 
maximum,  r being  the  local  radius  of  curvature  of  the 
surface.  The  maximum  stress  is  usually  coincident 
with  the  maximum  axial  load,  but  not  always.  Corre- 
lation of  canopy,  shape  with  instantaneous  force  dur- 
ing inflation  provides  important  clues  to  internal  load 
levels.  The  first  peak  opening  load  of  a parachute 
frequently  occurs  during  the  inflation  process  before 
the  canopy  has  completely  filled  as  shown  in  Figures 
6.24  and  6.85.  Similar  behavior  is  exhibited  by  reef- 
ed p irachutes  only  after  disreefing. 


Measurement  of  Canopy  Pressure  Distribution 

The  difficulty  of  obtaining  direct  measurements  of 
the  pressure  distribution  in  an  inflating  canopy  is  fair- 
ly evident.  Since  the  dynamic  process  is  not  a series 
of  steady  states,  the  results  of  various  static  model 
tests  in  the  wind  tunnel  proved  useless.  The  dynamic 
testing  problem  was  first  solved  by  Melzig  and 
Schmidt340^  the  infinite  mass  case.  Two  years  later 
Melzig,  with  Sal iaris34,' 'advanced  the  art  further  to  the 
finite  mass  operating  case.  Finite  mass  drop  tests 
were  performed  with  different  types  of  parachutes 
{solid  flat,  extended  skirt,  ringslot  and  flat  ribbon) 
launched  at  various  velocities  corresponding  to  qs  = 
34  to  46  psf.  The  system  mass  ratios  were  such  that 
at  the  time  of  the  peak  opening  forces  the. protected 
areas  of  the  canopies  were  uniformly  small  and  in  the 
range  of  Sp/SQ  = 0.05  to  0. 18.  Representative  results 
of  two  tests  are  presented  in  Figure  6.85.  Evidently 
the  pressurized  area  of  the  canopy  encompassed  onlv 
transducers  3 and  4 in  the  crown  and  the  two  differ- 
ential pressure  coefficients  indicated  at  any  instant 
show  a gradient  downward  from  4 to  3 which  levels 
out  toward  a constant  pressure  distribution  as  filling 
progresses.  Marked  differences  between  the  solid 
cloth  and  slotted  canopies  are  indicated. 

Sandia  Laboratories  acquired  both  steady  state 
{Refs.  468  and  547  and  dynamic  (inflating 
canopy)  pressure  distribution  measurements  during 
wind  tunnel  test  program  with  model  conical  ribbon 
canopies.  Reference  355  presents  results  from  the 
dynamic  measurements  which  were  acquired  from 
time  of  canopy  disreef  (initial  reefing  ratios  of  0.179, 


Sphere  Drogue 
I/O  - 10;  d/O  - 1.0 
No  Drogue 


Figure  6.81  Effect  of  Sphere  Drogue  on  Amplitude  Decay  of  Entry-Body  Angle  of  Attack 
(Ref.  440) 
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Figure  6.84  Cargo  Suspension  Sling  With 
Four  Legs 


.358  ahd  458)  through  peak  opening  load. 

The  measured  pressure  distributions  were  correla- 
ted with  inflated  shapes  to  permit  calculation  of  drag 
forces.  These  calculated  forces  (in  the  form  of  drag 
area  since  q ^ ~ const)  are  compared  with  measured 
drag  as  shown  in  Figure  6.86  and  served  to  validate 
, the  measured  pressure  distributions. 

Measurement  of  Canopy  Stress  Distribution 

Utilizing  the  Omega  stress  transducer  described  in 
Chapter  5,  the  circumferential  stress  developed  in 
model  Ringsiot  and  solid  flat  342 ' 484  canopies  was 
measured  under  both  static  (full  open)3*’2'484  and 
dynamic  (during  inflation)  484*  485  conditions.  In 
addition.  Reference  484  reports  results  of  limited 
measurements  of  the  radial  stress  along  the  gore 
centerline  of  a fully  inflated  solid  flat  circular  cano- 
py. Comparison  between  radial  and  circumferential 
stress  at  various  locations  along  the  canopy  profile  are 
shown  in  Figure  6.88A.The  radial  stress  measurements 
exceeded  the  circumferential  stress  at  a location  of 
75%  Dq/2.  Figure  6.88  shows  canopy  circumferential 
stress  measured  during  inflation  of  model  solid  flat 
circular  canopies.  Similar  data  obtained  during  tests 
of  model  ringsiot  canopies  are  shown  in  Figure  6.88B. 
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AERODYNAMIC  HEATING 

Advances  in  aerospace  technology  since  the  1950's 
have  resulted  in  increasing  environmental  and  opera- 
tional temperatures  for  certain  P/pes  of  deployable 
decelerators,  e.g.  Ribbon,  Hyperflo,  Parasonic  and 
Ballute  drogues.  This  trend  has  been  paralleled  by 
the  intensive  development  of  new  synthetic  materials 
of  improved  physical  and  mechanical  properties 
(Chapter  4).  Consequently,  it  is  possible  today  to 
construct  flexible  fabric  structures  amenable  to  stor- 
age and  soaking  at  temperatures  that  would  reduce  a 
nylon  or  Dacron  structure  to  a molten  mass.  More- 
over, the  strength  retained  by  the  new  materials  at 
elevated  temperatures  enables  decelerators  fabricated 
from  them  to  tolerate  a substantial  degree  of  aerody- 
namic heating  following  deployment  at  high  velocities 


Heat  Resistant  Drogue  Structures 

The  operational  temperatures  experienced  by  a 
drogue  result  primarily  from  compression  of  the  air 
being  penetrated,  with  some  heating  by  viscous  dissi- 
pation of  kinetic  energy,  and  usually  reach  their  max- 
ima at  the  stagnation  point  or  in  a region  where  near- 
stagnafion  conditions  prevail.  Being  in  the  wake  of 
the  towing  body,  the  air  flow  conditions  are  complex 
and  the  relative  velocity  may  be  somewhat  less  than 
free  stream  as  suggested  by  the  schematic  diagram  of 
Figure  6.90.  Both  viscous  and  inviscid  wake  flow 
impinge  on  the  leading  members  of  the  decelerator 
structure.  Critical'  heating  areas  are  found  on  the 
skirt  leading  edge  and  in  the  roof  panels  of  drogue 
chutes  and  on  the  forward  surfaces  of  the  Ballute 
cone  and  burble  fence.  The  effects  usually  consist  of 
superficial  melting  or  charring  under  conditions 
where  the  surface  temperature  becomes  relatively 
high  and  could  cause  catastrophic  failure  if  sustained 
—superficial  because  the'  typical  heat  pulse  is  brief 
due  to  rapid  deceleration  and  also  because  the  heat 
capacity  of  the  material,  though  small,  provides  a use- 
ful heat  sink.  The  materials  are  characteristically  of 
Jow  thermal  conductivity.  In  general  experience, 
drogues  constructed  of  nylon  and  polyester  materials 
have  sustained  littl%  more  than  superficial  heat  dam- 
age at  deployment  velocities  up  to  Mach  3.3.  The 
extent  of  the  damage  varies  with  the  thickness  of  the 
canopy ; fabric.  A 40  ft  D0  disk-gap-band  parachute 
made  of  2 oz  Dacron  cloth  suffered  "extensive"  dam- 
age when  deployed  at  Mach  3.31  (Ref.  486). 

brogues  designed  fa-  high  speed  operation  under 
severe  heating  conditions  have  embodied  several  dif- 
ferent types  of  structures  and  materials.  A 4 ft  D0 
Parasonic  drogue48, 7SP-5,  tested  at  Mach  5.5  was  fab- 


ricated from  Nomex  aramid,  HT-1,  textiles.  The 
side-walls  and  skirt  consisted  of  bias  cut  cloth  and  the 
roof  was  a woven  mesh  of  narrow,  0.25  inch-wide 
webbing.  A protective  coating  of  Dynatherm  com- 
pound, D-65,  with  a thickness  of  0.025  inches  was 
added.  The  geometric  porosity  of  the  roof  gave  the 
canopy  a total  porosity  of  approximately  5 percent. 
Measured  physical  properties  of  the  materials  were  as 
follows: 

Specific  Thermal 
Density  Heat  Conductivity 
(lb/ft3 ) (BTU/lb°F)  (BTU/hr-ft-°F) 

D-65  coating  68.6  0.25  0.053 

HT-1  webbing  42.0  0.35  0.032 


21 S 

Laboratory  test  results  indicate  the  heat  capacity 
of  webbing  specimens  was  Increased  by  the  coating 
from  approximately  300  BTlj/lb  (bare)  to  1000 
BTU/lb  at  a heat  flux  rate  of  about  10  BTU/ftJ-sec. 


Figure  6Mv  Measured  Opening  Forces  end  Canopy 
Stress  of  Model  Ringslot  Canopy 


( 
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Stress  (Lb/In) 


A 5 ft  Dp  Ballute.  TB-4,  tested  at  Mach  9.7  was 
fabricated  from  11.84  oz/yd3  Nomex,  HT-122, coat- 
ed inside  and  out  with  Dynatherm,  D-65,  compound. 
Material  thicknesses  were: 

D-65  outer  coating  .007  inch 

HT-122  .023  inch 

D-65  inner  coating  .003  inch 

This  Ballute. , being  designed  for  purely  supersonic 

operation,  had  no  burble  fence  and  was  provided 
with  a pre-inflation  system  consisting  of  two  fluid 
filled  latex  bladders,  one  containing  0.75  ib  methyl 
alcohol,  the  other  0.25  Ib  water,  which  would  also  act 
as  a coolant.  Under  simulated  Mach  8 conditions  in  a 
heat  tunnel21  ^he  coating  increased  the  time  to  failure 
of  preloaded  HT-72  specimens  from  6 to  20  times  at 
a flux-rate  of  12.9  BTU/ft’-sec. 

A similar  Ballute  was  fabricated  from  stainless 
steel  cloth,  SS-304,  coated  inside  and  out  with  a seal- 
ing compound.  CS-105.  These  materials  had  the  fol- 
lowing properties: 


The  stainless  steel  textiles  were  assembled  by  spot 
welding  The  base  fabric  was  woven  100  x 100  yarns 
per  inch,  each  yarn  consisting  of  7 strands  of  0.0016 
inch  SS-.304  filament.  It  retained  40  percent  of  its 
rated  strength  of  142-157  Ib/in  at  a temperature  of 
1200°F.  The  coated  fabric  remained  essentially 
impermeable  for  protracted  periods.  20  to 60  minutes, 
under  pressures  of  2 to  4 psi  at  a temperature  of 
1500°F.  Previous  failures  of  stainless  steel  Ballutes  in 
the  wind  tunnel  at  Mach  3 and  qm  119psf  indicated 
a low  probability  of  successful  deployment  in  free 
flight  at  design  conditions  of  Mach  5.7  and  q • 220 
P*f.  so  this  model  was  tested  in  the  wind  tunnel  at 
Mach  2.8  and  q “ 120  ptf.  Operation  of  the  Ballute 
was  normal  but  temperatures  due  to  aerodynamic 
heating  were  insignificant. 

The  difficulties  experienced  with  the  stainless  steel 
cloth  structures  emphasize  the  importance  of  material 
energy  absorption  capacity  under  impact  loading 
conditions.  While  textiles  such  as  SS-304  and  Beta- 
glass  retain  strength  at  temperatures  above  the  melt- 
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Density 
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CS-105  outer  coat 
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Figure  6.90  Typical  Body  - Drogue  Supersonic  Flow  Field 


ing  points  of  polymers,  their  specific  impact  energy 
absorbing  capacity  remains  below  desired  levels  from 
the  standpoint  of  structural  efficiency.  For  decelera- 
tor  applications  involving  only  transient  dynamic 
heating  pulses,  which  embraces  the  maiority  of  terres- 
trial operating  requirements,  the  use  of  low  melting 
point  textiles  is  not  ruled  out,  because  their  high 
specific  impact  energy  absorbtion  capacity  permits 
thick  fabrics  to  be  used  efficiently,  depending  upon 
superficial  melting,  evaporation,  or  charring  to  pro- 
tect the  mam  body  of  the  material  during  the  peak 
temperature  transient.  For  example,  the  data  from 
Reference  *88  shows  that  a loading  rate  of  150  fps 
nylon  tape  has  a specific  energy  absorbing  capacity  of 
16,000  ft  Ib/lb  at  70VF  diminishing  to  12,000  ft  lb/lb 
at  400 eF.  Comparable  figures  for  stainless  steel  tex- 
tile tape  are  approximately  400  ft  Ib/lb  at  70*F  dim- 
inishing to  111  ft  Ib/lb  at  1600#F,  a ratio  of  40  to  1 
at  70°F,  in  favor  of  nylon,  while  at  400°F  nylon  has 
108  times  the  energy  absorbing  capacity  of  stainless 
steel  at  1600°F.  Given  a predicted  surface  tempera- 
ture transient  peaking  briefly  at'  1600°F,  these  ratios 
make  it  economical  and  practical  to  use  nylon  in- 
stead of  stainless  steel  and  expend  a fraction  of  the 
external  nylon  mass  to  keep  the  interior  temperature 
below  400° F The  use  of  beaded  edges  on  nylon 
ribbons,  as  reported  in  Reference  21#  , is  an  example 
of  how  this  approach  may  be  efficiently  implemented. 


Predicted  vs  Observed  Effects.  Methods  ot  calcu- 
lating decelerator  temperatures  due  to  aerodynamic 
heating  are  given  in  Chapter  7.  A comparison  of  pre- 
dicted and  observed  effects  is  presented  here. 

Parasonic  Drogue  Flight  Test.  The  Parasonic 
drogue,  SP-5,  described  above  was  subiected  to  a 
♦light  test  at  Mach  5.5,  120,000  ft,  using  thermo- 
couples to  obtain  temperature  measurements  through 
deployment  and  after  re-entry.  The  following  discus- 
sion of  the  test  results'  in  the  light  of  a thermo- 
dynamic analysis  was  presented  by  Bloetscher  and 
Arnold4®.7 

"The  fact  that  the  useful  life  of  a decelerator 
occurs  during  a highly  transient  phasg  of  flight  sug- 
gests that  the  heat  balance  be  solved  on  a similar 
basis.  The  assumed  thermal  environment  inside  the 
canopy  is  that  due  to  free  stream  conditions  subjec- 
ted to  a normal  shock  at  the  inlet  face,  body  wake 
effects  neglected.  The  initial  peak  heat  flux  rate  on  a 
roof  element  occurs  immediately  after  deployment. 
It  was  calculated  to  be  3bout  24  BTU/ft3 -sec.  The 
heating  rate  decays  rapidly  as  the  vehicle  gains  alti- 
tude, becoming  negligible  after  At  m IS  seconds. 
About  360  seconds  after  launch,  aerodynamic  heating 
decreases  as  the  vehicle  decelerates  to  terminal  condi- 
tions." 

Instrumental  limitations  may  have  caused  the  dif- 


316 


ference  between  the  telemetered  total  temperature 
and  the  predicted  adiabatic  wall  temperature.  "Al- 
though the  two  temperatures.  Tt2  and  Taw  in  Figure 
6.91  are  not  the  same  quantity,  the  difference  is 
much  greater  than  can  be  accounted  for  in  applying  a 
recovery  factor  to  the  total  temperature  to  ootain  the 
adiabatic  wall  temperature."  The  Nomex  tempera- 
tures were  measured  with  thermocouples  in  roof 
elements  of  the  canopy  near  the  periphery  as  shown 
in  Figure  6 91a. 

Significant  operational  factors  emerge  from  this 
comparison: 

1 ) The  thermal  environment  inside  the  canopy  is 
less  than  predicted  by  a turbulent  flow  nozzle 
analogy,  the  temperature  rise  being  sensitive 
to  the  nature  of  the  flow  field. 

2)  Due  to  the  rapid  deceleration  characteristic 
of  such  systems,  the  peak  temperatures  felt 
on  the  surface  of  the  decelerator  structure  are 
considerably  higher  than  those  on  the  interior. 

In  consequence  of  (1)  the  need  for  heat  resistant 
materials  predicted  by  present  methods  of  analysis 
may  not  be  justified  by  subsequent  tests.  In  conse- 
quence of  (2)  superficial  heat  damage  may  be  experi- 
enced without  serious  weakening  of  critical  members, 
hence,  allowable  surface  temperatures  may  be  high 
relative  to  the  melting  point  of  the  materials  used. 
Available  heat  resistant  coatings  further  raise  these 
limits. 

Textile  Ba/luta  Flight  Text.  The  5 ft  Ballute.  TB-4 
described  above,  instrumented  with  thermocouples, 
was  deployed  at  Mach  9.7,  226. 700  ft.  Thermal 
analysis  methods  for  calculating  Ballute  fabric  temp- 
erature values  are  presented  in  Chapter  7 for  the 
actual  TB-4  Ballute  flight  conditions.  A comparison 
of  calculated  and  measured  temperatures  made  by 
Bloetscher218is  paraphrased  in  the  following  para- 
graphs. 

The  deployment  point  of  the  Ballute  decelerator 
determined  from  radar  tracking  data  was  226,700  ft 
altitude  and  9126  fps  velocity.  On  the  basis  of  the 
wake  transition  criteria  presented,  it  was  deterimned 
that,  during  the  ascfent  flight  phase  of  the  trajectory, 
the  decelerator  likely  was  in  a laminar  wake.  The 
cold  wall  heat  flux  rate  for  the  most  critical  position 
of  the  decelerator  surface  was  determined  as  a func- 
tion of  time  of  flight,  based  on  the  laminar  flow  heat 
transfer  coefficient. 

The  re-entry  phase  of  a calculated  re-entry  trajec- 
tory was  examined  next.  Again,  the  wake  transition 
criteria  were  applied.  Transition  criteria  showed  that 
the  re-entry  flight  begins  with  the  decelerator  in  a 
laminar  wake.  At  about  695  seconds  from  launch 
and  along  the  calculated  re-entry  traiectory,  the  wake 


transition  point  apparently  begins  to  move  forward 
toward  the  leading  body.  Until  about  700  seconds 
(from  launch)  the  decelerator  is  encompassed  in  a 
turbulent  wake  with  transitions  either  on  the  leading 
body  or  immediately  behind  the  body.  Because  of 
this  criterion,  the  heat  input  into  the  decelerator 
material  was  calculated  partially  for  the  laminar  wake 
case  and  then  for  the  turbulent  wake  case.  The  lam- 
inar cold  wall  heat  flux  rates  rise  rather  slowly  as  the 
bodies  re-enter  the  atmosphere  and  gradually  reach  a 
heat  flux  rate  of  about  2 BTU/ftJ-sec  at  695  seconds 
from  launch.  The  heat  flux  rates  increase  on  the  criti- 
cal position  on  the  decelerator  surface  until  a cold 
wall  turbulent  heat  flux  rate  of  about  19  BTU/ftJ-sec 
is  reached  at  700  seconds  from  launch.  Thereafter, 
the  heat  flux  rate  decreases  quite  rapidly. 

The  temperature  response  of  the  decelerator 
material  was  calculated  next  on  the  basis  of  the  cold 
wall  heat  flux  rates  and  the  transient  heat  conduction 
equations.  The  results  are  shown  in  Figure  6.92,  as  a 
function  of  time  of  flight,  along  with  the  telemetered 
temperature  data. ' The  leading  vehicle  total  tempera- 
ture probe  data  are  presented  for  reference.  Since  'he 
total  temperature  probe  was  not  designed  to  read 
temperatures  in  excess  of  2000°F,  no  correlation  was 
attempted  between  the  probe  values  and  the  Ballute 
thermocouple  values.  In  the  case  of  re-entry  flight, 
the  probe  total  temperature  data  were  programmed 
to  be  terminated  near  apogee.  Looking  at  the  decel- 
erator  material  temperature  response  during  the 
ascent  flitfit  phase,  the  telemetered  results  show  a 
quick  rise  to  about  137DF  and  a subsequent  cooling 
to  about  80® F as  the  upper  rarified  atmosphere  is 
reached.  The  predicted  surface  temperature,  as  well 
as  outer  Nomex  surface  temperature,  is  presented  for 
this  portion  of  the  estimated  trajectory  path.  The 
surface  temperature  in  this  case  is  predicted  to  .each 
about  280°  F in  about  10  seconds  and  then  cool  as 
the  test  items  continue  to  gain  altitude.  Thus,  the 
predicted  temperature  evidently . overestimates  the 
telemetered  temperature  by  about  150°F  during  the 
ascent  flight  phase: 

Turning  to  the  re-entry  flight  phase,  the  same 
comparison'  is  made.  The  telemetered  results  show 
that  the  material  temperature  had  cooled  to  less  than 
0*F  during  the  10  minutes  of  flight  in  the  rarified 
atmosphere.  An  estimate  of  this  radiation  cooling 
effect  indicates  that,  for  an  absorption  »o  emittance 
ratio  of  less  than  one,  this  is  admissable.  Although  no 
test  data  are  available  on  the  absorption  or  emittance 
characteristics  of  the  coating  material,  the  material 
type  shows  a trend  inthe  direction  of  a ratio  less  than 
one.  As  the  test  vehicle  re-enters  the  denser  atmos- 
phere, the  Ballute  material  temperature  response 
indicates  a slight  rise  initially  and  then  rises  to  about 
270°F  at  696  seconds  from  launch  whereupon  tele- 
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Figure  6.91  Aerodynamic  Heeling  of  Ptmotrk  Drogue,  SF-6,  Deployed  at 
Mach  6.6,  120,000 Ft.  Attitude 
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Figure  6.92  Aerodynamic  risking  of  a Nomex  Ballute 
Flight  Tett  TB-4 

metry  signals  from  these  circuits  cease.  In  the  predic- 
ted case,  the  temperature  is  assumed  to  be  14°  F at 
684  seconds  from  launch  along  a calculated  traiec- 
tory  The  temperature  response  of  the  material  is 
calculated  from  this  temperature  level. 

The  initial  predicted  temperature  rise  is  based  on  a 
laminar  wake  and  shows  the  temperature  rising  to 
about  400°F  in  11  seconds.  The  comparable  rise  in 
the  telemetered  data  is  about  270°F.  At  the  end  of 
this  period,  the  wake  is  predicted  to  undergo  a, transi- 
tion to  a turbulent  flow.  Thus,  the  heating  rates  at 
the  Ballute  surface  rise  quite  significantly.  The  pre- 
dicted temperature  shows  a rise  to  a value  greater 
than  700°F  in  less  than  5 seconds  from  the  onset  of 
transition  to  turbulent  flow.  This  is  in  excess  of  its 
load  carrying  capability  at  an  elevated  temperature, 
and  apparently  it  correlates  with  the  cessation  of  tele- 
r etry  readings  for  material  temperatures. 


TERMINAL  PHASE 
Atrial  Engagement 

Operation  of  the  mid-air  retrieval  system  may  be 
terminated  by  engagement  of  erther  the  main  canopy 
or  a small  attached  target  canopy  by  the  hook-and- 
hne  grappling  rig  tied  to  a power-winch  aboard  the 
recovery  aircraft.  Using  fixed-wing  recovery  aircraft 
such  as  the  JC-130A,  the  entire  parachute  system  is 
collapsed  apex  first  and  reeled  aboard  along  with  the 
vehicle  being  recovered.  Using  helicopter  recovery 
aircraft  such  as-  the  CH-3E,  similar  engagement  and 
retrieval  have  proved  successful.  An  alternate  tech- 
nique has  been  developed  with  helicopters  in  which 
the  mam  canopy  is  freed  completely  from  the  tow- 
line  at  both  apex  and  riser  attachments  and  only  the 


target  canopy  is  reeled  aboard  along  with  towline,  the 
vehicle  being  towed  back  to  base  while  suspended 
below  the  recovery  aircraft1®2.  This  approach  is 
illustrated  in  Figure  6.93. 

With  either  system  engagement  and  collapse  of  the 
target  canopy  by  the  grapple  hook  applies  a trans- 
verse load  to  one  side  of  the  reinforced  structure  and 
the  interwoven  radial  and  circumferential  members 
are  stretched,  sliding  through  the  hook,  until  a firm 
engagement  loop  is  formed  and  drawn  taut.  The  tar- 
get canopy  is  usually  damaged  in  the  process.  The 
resultant  impact  load  is  transmitted  downward  to  the 
vehicle  through  the  attached  towline  and  parachute 
structure  and  when  the  main  parachute  remains 
attached  its  canopy  is  collapsed  by  the  apex-first 
motion.  As  the  suspended  vehicle  is  first  decelerated 
and  then  reaccelerated  up  to  the  aircraft  speed,  the 
applied  load  peaks-out  and  then  holds  more  or  less 
constant  as  the  braked  reel  of  the  power  winch  pays 
out  the  towline  at  a diminishing  rate  until  arrested. 

"Measured  peak  engagement  loads  vary  with  system 
gross  weight,  engagement  speed,  type  of  recovery. air- 
craft, and  winch  design.  Collapse  of  the  main  canopy 
is  well  advanced  at  the  time  the  engagement  load 
reaches  its  maximum184. 


Landing  Dynamics 

A vehicle  being  recovered  descends  with  parachute 
to  touchdown  at  a moderate  velocity  having  both  ver- 
tical and  horiron'al  components.  Some  angular  mo- 
tion may  also  be  present  as  a result  of  pendular  oscil- 
lation. The  purely  vertical  approach  is  unusual  but 
one  approximated  by  ballistic  systems  landing  in  both 
still  air  and  light  winds.  A horizontal  velocity  compo- 
nent of  5 to  10  fps  can  usually  be  tolerated  along 
with  angular  deflections  up  to  approximately  !0 
degrees,  but  acceptable  limits  vary  widely  for  differ- 
ent types  of  vehicles  and  payloads. 

Variations  in-  the  instantaneous  descent  velocity 
are  caused  by  canopy  pulsatiop  and  axial  vibration, 
usually  insignificant,  and  pendular  oscillations  (some- 
times extreme).  The  horizontal  velocity  component 
may  be  the  result  of  wind  drift,  gliding  and  also  of  a 
pendular  oscillation  or  a coning  motion.  At  the  in- 
stant of  contact  the  attitude  and  angular  motion  of 
the  vehicle  may  be  changing.  In  water  landings,  wave 
motion  is  a factor.  Overland  the  topography  (mainly 
slope),  condition,  texture,  and  composition  of  the 
landing  surface  is  characterized  by  extremes  familiar 
to  alt,  but  may  be  moderated  to  a tolerable  level  for 
all  planned  operations  in,  which  some  measure  of 
landing  si»c  selectivity  can  be  excerised.  Involuntary 
descent  onto  an  inhospitable  surface  cannot  always 
be  avoided. 
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Figure  6.93  An  Example  of  a Mia-Air  Retrieval  Sequence 


Water  Impact  I Splashdown ) . In  a water  impact,  as 
for  soft  ground,  the  penetration  force,  hence  deceler- 
ation. is  a function  of  the  area,  direction,  depth  and 
velocity  of  the  penetrating  body  as  well  as  fluid  resist- 
ance characteristics  of  water.  At  normal  landing  ve- 
locities (20  to  35  fps)  water  provides  effective  impact 
attenuation  for  bodies  of  every  type  and  degree  of 
bluntness,  e.g.,  the  Apollo  Command  Module*8® 
Most  streamlined  vedicfes  landing  nose  down,  can  easi- 
ly tolerate  water  impact  velocities  of  100  fps  or  more. 

Only  relatively  fragile  structures,  such  as  large 
empty  fuel  tanks  or  jettisoned  booster  rocke.ts,  have 
been  subjected  to  critical  water  impact  loading  condi- 
tions when  it  has  been  impractical  to  lower  them  at 
sufficiently  moderate  velocities. 

Airdrop.  The  water  impact  and  penetration  behav-  • 
i or  of  a flat-sided  cargo  package  varies  significantly 
with  the  density  of  the  payload  and  the  unit  loading 
(weight/area)  of  the  side  that  strikes  the  surface. 
When  the  unit  loading  is  greater  than  approximately 
100  psf  the  package  readily  penetrates  the  surface, 
and  fluid  resistance  may  provide  satisfactory  impact 
attenuation.  At  lower  unit  loads  and  normal  splash- 
down velocities  (»25  fpal  impact  shock  effects  are 
augmented  by  the  increased  penetration  resistance 
offered  by  the  mass-inertia  of  the  water. 


V*  h unit  surface  loads  up  to  approximately  50  psf 
V.-j  . ter  impact  shock  is  ver«  similar  to  that  experi- 
ences landing  on  dry  ground.  Therefore,  the  custom- 
ary impact  attenuation  measures  are  required.  It  has 
been  observed  that  under  these  conditions  the  loaded 
pallet  appears  to  slap  the  surface  of  the  water  without 
significant  penetration  and,  being  buoyant,  stays  rela- 
tively dry. 

With  unit  surface  loads  in  the  range  of  50  to  100 
psf  approximately,  the  flat  surface  impact  is  less 
severe,  th»  w-^ter  reacting  more  like  a fluid,  and  the 
payload  plunges  slightly  below  the  surface.  When  the 
average  cargo  density  is  less  than  62  to  64  lb/ft3  the 
package  is  observed  to  bob  back  and  settle  down  to 
its  normal  flotation  displacement  as  the  displaced 
fluid  moves  away  in  a wave.  While  the  watei  provides 
substantial  impact  attenuation  unde;  these  conditions 
the  usual  energy  absorbing  media  required  for  ground 
landing  cannot  be  dispensed  with  because  decelera- 
tion peaks  remain  high. 

With  unit  surface  loads  greater  than  100  psf  the 
cargo  plunges  well  below  the  surface,  and  while  peak 
impact  shocks  may  be  adequately  attenuated  in  most 
landings,  some  protective  measures  may  still  be  re- 
quired for  unusual  payloads  as  well  as  to  prevent  wet- 
ding  of  the  payload  due  to  leakage  while  submerged. 
Of  cou.se,  the  unit  loading  of  rectangular  packages 


320  ' 


can  be  changed  by  rigging  the  suspension  harness 
normal  to  the  desired  impact  surface.  Since  angular 
impacts  result  from  both  cargo  oscillation  and  surface 
wave  motion,  severe  bending  moments  at  splashdown 
may  be  mitigated  in  slender  packages  by  selecting  a 
suifable  suspension  attitude  or  each  configuration. 
A choppy  water  surface  tends  to  produce  less  severe 
impact  shocks  and  increased  onset  times  for  packages 
with  broad  flat  surfaces.  The  initial  contact  area  is 
smaller  and  apparently  a greater  volume  of  air  is  trap- 
ped and  compressed  to  provide  added  cushioning. 
The  typical  splashdown  is  attended  by  a horizontal 
drift  component  due  mainly  to  surface  wind,  modi- 
fied by  parachute  oscillation  when  present.  Under 
these  conditions,  which  are  aggravated  in  rough 
water,  cargo  packages  having  poor  buoyant  stability 
are  most  likely  to  overturn  on  impact. 

Manned  Spacecraft.  The  Gemini  and  Apollo  land- 
ing capsules  with  W/A  typically  greater  than  100  psf 
exhibited  the  same  type  of  behavior  on  spashdown 
described  above,  surface  penetration  (Refs.  489, 
490-492  ) being  sufficient  for  good  water  impact 
attenuation  e.g..  a(max)  < Sg.  However,  with  two 
diametrically  opposed  stable  floating  attitudes,  it  was 
necessary  to  provide  Apollo  with  inflatable  bladders 
for  righting  from  the  inverted  attitude.  Also  roll  sta- 
bility was  poor  and  often  caused  seasickness  among 
the  astronauts  before  stabilizing  floats  could  be 
attached  by  the  recovery  crews. 

Impact  Attenuation 

Attenuation  of  the  landing  impact  occurs  in  some 
measure  in  every  landing  operation  through  deforma-, 
tion  of  vehicle  and  surface.  Where  acceptable  levels 
of  deceleration  onset,  peaks  g's,  and  structural  de- 
formation are  likely  to  be  exceeded,  some  means  of 
raising  the  level  ot  tolerance  may  be  employed  The 
horizontal  velocity  component  represents  an  incre- 
ment of  kinetic  energy  lmpv^/2)  that  is  commonly 
dissipated  by  sliding  friction  between  vehicle  and 
landing  surface.  Operational  planning  is  justified  to 
ensure  that  the  nature  of  the  landing  Site  will  favor 
this  type  of  action;  otherwise  tumbling  or  additional 
structural  deformation  may  ensue. 

A common  practice  is  to  disconnect  the  main  de- 
scent canopy  from  the  body  immediately  after  con- 
tact tp  prevent  aerodynamic  forces  from  inducing  de- 
stabilizing moments  during  the  terminal  deceleration 
cycle  as  well  as  dragging  with  the  prevailing  surface 
wind.  Therefore,  neglecting  tha  momentary  restraint 
provided  by  the  main  canopy,  tne  total  energy  to  be 
dissipated  by  the  impact  attenuation  system  may  be 
represented  by  the  vertical  component, 
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Figure  6. 94  Variation  of  Compressive  Resistance  With 

Deformation  of  Energy  Absorber  (Ref.  382) 

where  h0  is  the  height  above  the  landing  surface  when 
effective  contact  is  first  made  and  mechanical  defor- 
mation of  the  resisting  media  (both  onboard  and  on 
the  surface)  begins.  The  vertical  energy  component 
must  be  absorbed  even  when  the  onboard  impact 
attenuator  is  subject  to  shearing  stresses  due  to  hori- 
zontal motion.  This  leads  to  redundancy  of  material 
because  all  of  the  energy  absorbing  medium  cannot 
be  brought  into  effective  play  along  any  one  axis. 

Passive  energy  absorbing  media  such  as  plastic 
foam  and  paper  or  aluminum  "honey-comb"  are 
characterized  by  their  specific  energy  absorbing 
capacities  (Table  4.41).  While  the  total  weight  of, 
material  required  is  indicated  by  the  ratio  of  the 
total  to  specific  energy  absorbing  capacities,  the  dis- 
tribution of  the  material  under  the  vehicle  is  deter- 
mined by  other  factors  which  include  vehicle  allow- 
able maximum  decelerations  and  decelerator  or  ener- 
gy absorber  performance  characteristics.  Under  any  • 
combination  of  landing  conditions  the  peak  retarding 
forCe  must  not  exceed 

Fm  " Wb  (Gz  * 1)  6 42 

where  W&  is  the  weight  of  the  vehicle  at  its  maximum 
landing  weight  condition  and  Gz  is  the  maximum 
allowable  vertical  load  factor.  The  way  in  wnich  the 
retarding  force  varies  during  the  working  stroke  for 
different  energy  absorbing  media  is  illustrated  in  Fig- 
ure 6.94.  The  unit  stress  or  pressure, p,  would  vary  in 
the  same  way  if  the  cross  section  or  "footprmt"  area, 
Sf-  remained  constant,  but  this  is  seldom  the  case. 

The  retarding  force  is  related  to  the  design  dimen- 
sions of  the  impact  attenuator  by  this  expression 

F - pSf  - f (h/hg)  6-43 
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where  h is  the  instantaneous  height  and  he  is  the  con- 
structed height  of  the  mechanism  or  energy  absorbing 
medium.  Useful  performance  parameters  for  each 
different  mechanism  are: 


Kh  = bh/h, 
P/Pm 

Ke  - a'*m 


dimensionless  effective  work- 
ing stroke 

average  to  maximum  stress  or 
pressure  ratio  during  Af  when 
Sf  is  constant 

average  to  maximum  force 
rrtio  during  Af 

average  to  maximum  decelera- 
tion ratio  during  At 


where  Af  is  the  time  interval  coresponding  to  A/i, 
and  Ke  is  a measure  of  the  dynamic  efficiency  of  a 
given  impact  attenuation  subsystem. 


Crushable  Materials.  Principal  crushable  materials 
in  use  are  urethane  foam  and  honeycomb  structures 
of  different  materials  varying  in  cell  size  and  density. 
These  differences  give  the  honeycombs  different 
crushing  strengths,  as  measured  by  the  ultimate  com- 
pressive stress  per  unit  area,  fc.  and  cause  the  usable 
stroke  to  vary  somewhat,  but  not  greatly.  Although 
the  crushing  stress  varies  during  the  working  stroke, 
the  average  value.  fc,  may  be  evaluated,  along  with 
the  usable  stroke,  A/»,  by  suitable  impact  tests  to 
determine  specific  energy 


E - fc  (bh/hgi/wg  6-44 

where  we  is  the  weight  density  of  the  energy  absorb- 
ing material.  The  end  of  the  usable  stroke  is  reached 
when  the  material  has  been  crushed  to  a density 
which  causes  the  compressive  resistance  to  increase 
sharply  (Fig.  6.94). 

The  characteristics  of  different  honeycomb  struc- 
tures are  summarized  in  Table  4.41,  The  anisotropic 
nature  of  the  structure  cayses  the  crushing  strength  to 
decrease  with  the  angle  of  impact  as  shown  in  Figure 
4.7. 

Airbags.  A widely  used  landing  impact  attenua- 
tion method  for  sensitive  payloads,  the  inflatable  air- 
bag system  has  improved  steadily  in  effectiveness,  if 
not  in  overall  efficiency.  One  reason  for  this  has  been 
increasing  stringency  of  requirements  for  protection 
of  the  vehicle  and  its  contents  from  damage  or  injury. 
The  resultant  augmented  redundancy  of  impact  bags 
and/or  static  bags  has  tended  to  increase  the  total 
weight  fraction  invested  in  the  subsystem,  even 
though  the  working  efficiency  of  the  components  has 
been  increased. 

Unlike  block-type  crushah'cs  the  footprint  area  of 


an  airbag  may  vary  during  the  working  stro) 
its  shape  and  also  as  the  result  of  drift.  The  < 
pressure  will  shift  for  the  same  reasons.  Cht 
tically,  on  contact  the  bottom  of  a given  aii 
remain  stationary  on  the  ground  until  the 
envelope  has  been  deformed  by  lateral  she 
cient  to  overcome  the  static  friction  force  a 
sliding.  Because  the  shear  ret  stance  of  an 
airbag  is  generally  small,  it  tends  to  roll  un 
vehicle,  and  sliding  is  delayed  until  late  in  thi 
ing  stroke.  With  a static  coefficient  of  frictic 
cally  in  the  order  of  Cf  = 0.5,  both  leading  ar 
ing  bag-girts  and  wall  panels  must  come  under 
erable  tension  before  sliding  can  begin. 

The  total  horizontal  drift  during  the  imps' 
working  stroke  is  seldom  greater  than  one-hi 
initial  oag  height,  except  for  gliding  systems.  1 
typical  impact  bag  will  have  completed  its  w 
stroke  during  a drift  landing  before  it  begins  tc 
apd  the  way  in  which  its  center  of  pressure 
during  the  interval  will  be  of  paramount  coi 

For  a given  vehicle,  p(max)  may  also  be  spe 
in  terms  of  allowable  unit  skin  pressure  over  sp 
areas  of  the  body.  When  this  becomes  a critic 
sign  factor,  measures  such  as  the  use  of  static  ai 
to  expand  the  effective  skin  area  may  be  take 
found  in  some  airbag  impact  attenuation  sys 

A comparison  of  the  measured  and  predictec 
formance  characteristics  of  an  experimental 
impact  bag  system  is  presented  in  Figure  6.9£ 
similar  RPV  impact  bag  system  exhibited 
dynamic  performance  summarized  in  Table 
when  subjected  to  a series  of  vertical  and  swing  i 
tests.  Figure  6.96  shows  a vertical  drop  test'fc 
airbag  system.  The  inflated  dimensions  of  the  I 
impact  bag  are  given  in  Figure  6.97. 

Retrorockets.  Pre-contact  velocity  attenuatioi 
reduce  the  landing  impact  has  been  accomplis 
successfully  in  a number  of  vehicle  deceleration 
terns  by  means  of  retrorockets  initiated  with  a sun 
proximity  sensor.  A variety  of  other  retarding 
vices  and  self-powered  mechanisms  have  been  invt 
gated  experimentally.  These  have  included:  be 
strap  mechanisms  called  contractable  links,  desigi 
to  impulsively  shorten  the  distance  between 
supporting  canopy  and  the  suspended  body.  Reta 
ers  consisting  of  multiple  explosive  charges  fired 
rapid  sequence  under  the  canopy  also  have  be 
tested494. 

Only  the  retrorocket  has  proven  to  be  a practi< 
pre-contact  velocity  attenuation  device  of  sufficie 
reliability  3nd  efficiency  to  be  employed  in  sensiti 
vehicle  or  manned  spacecraft  landing  systems. 

Reported  test  experience  with  retrorocket  landir 
systems  designed  as  the  terminal  active  member  of 
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* Maximum  bag  pressures  and  Gz  occur  at  approximately  0.07  seconds 
after  ground  contact. 
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Figure  6.95  Experimental  Impact  Bag  Performance  (Ref.  493) 
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Figure  6.96  Airbag  System  Vertical  Drop  Test 
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Bag  Material-Nylon  Cloth/ 

Natsyn  Elastomer 

- 700  Lb  /In  Strength 

- 26  Oz/Yd2  Weight 
Bag  Weight  - 25  Lbs 

Bag  Inflated  Volume  -71  Ft3 


0 Modified  a Qualifiable  Bag  to  Demonstrate  Impact  Bag 
Principle 

0 Aft  Surface  of  Bag  Located  Directly  Below  Drone  c.g. 

• Initial  Bag  Pressure  * 1 PSIG 
0 Vent  Relief  Pressure  ” 4 PSIG 

• Orifice  Plate  Vent  Area  = 154  In2  (4  <3  38.5  In2) 

0 Orifice  Plate  Release  Pins  * 3 Pins  Each  Plate, 

0.081  In  Dia,  1100  Soft  Aluminum 


Figure  6.97  Maximum  Inflated  Dimensions  impact  Bag  (Re*.  496) 


deployable  aerodynamic  deceleration  system  is  limit- 
ed because  few  such  subsystems  have  been  commis- 
sioned for  development.  Although  proven  solid  pro- 
pellant rockets  of  short  bum-time  are  available  which 
provide  a broad  spectrum  of  performance  chacter- 
istics  in  terms  of  thrust,  total  impulse  and  specific 
impulse,  none  are  ideally  suited  to  the  velocity  atten 
uation  requirements  of  the  typical  recovery  system. 
Requirements  and  performance  are  brought  closer  to- 
gether by  employing  a cluster  of  small  rockets,  rather 
than  a single  unit,  as  was  done  for  the  Redhead/Road- 
runner  landing  system498  Here  the  rocket  cluster 
was  harness-mounted  between  parachute  and  vehicle 
with  nozzles  vectored  in  opposed  pairs  to  prevent 
impingement  of  the  exhaust  jets  cn  the  payload. 

Ground  Proximity  Airdrop  System.  Jackson  and 
Peck  497  describe  a projected  Ground  Proximity  Air- 
drop System  for  delivering  payloads  of  up  to  35,000 
lbs  from  altitudes  less  than  500  feet  which  employs  a 
harness-mounted  cluster  of  retrorockets.  Typically, 
upon  initiation  by  a pair  of  drop-cord  type  ground 
sensing  probes,  the  rocket  impulse  would  reduce  the 
payload  velocity  from  60  fps  to  a nominal  impact 
velocity  of  22  fps. 

Parachute  Retrorocket  Air  Delivery  System. 

Chakoian  and  Michal126  describe  the  exploratory 
development  of  a Parachute-'Retrorocket  Air  Delivery 
System  designed  for  operations  below  500  feet  alti- 
tude. This  system  employs  the  same  retrorocket 


cluster  mentioned  in  Reference  497.  Successful  per- 
formance was  demonstrated  with  loads  of  4000  to 
10,000  lbs  dropped  from  heights  of  300  to  500  feet 
(Figure  6.98).  A photographic  sequence  of  one  of 
the  drop  tests  is  displayed  A typical  operation  is 
described  as  follows: 

"When  the  cargo  platform  is  about  25  feet  above 
the  ground,  the  horizontal  velocity  will1  have  been 
diminished  (by  parachute  drag)  to  near  zero  and  the 
vertical  velocity  will  have  increased  to  approximately 
60  to  70  fps.  At  this  point,  (1 ) the  ground  sensing 
probes,  which  have  reeled  out  fully,  impact  the 
ground,  (2)  detonators  in  the  probes  are  fired  initia- 
ting the  unconfined  mild  detonating  fuses,  (3)  these 
in  turn  transmit  the  detonation  to  end  primers  in  the 
probe  reel-out  brakes,  (4)  the  signal  is  transferred  to 
the  confined  detonating  fuse,  (5)  primers  are  tired  in 
the  shuttle  valves  mounted  on  the  rocket  pack(s)  and 
(6)  upon  firing,  the  shuttle  valves  allow  high  pressure 
gas  to  activate  the  dual  primer  ignition  system  of  each 
rocket  motor.  The  rockets  fire  and  burn  for  0.5  sec- 
onds, The  cargo  platform  decelerates  vertically  at 
about  3g  to  approximately  25  fps  before  impact. 
Crushable  paper  honeycomb  cushions  the  final  im- 
pact.'* 

Crew  Escape  Capsule  System.  Whitney498 reports 
the  following  results  of  a demonstration  test  of  a 
crew  escape  capsule  retrorocket  system  with  dummy 
vehicle.  (Figure  6.99)  using  a cluster  of  four  rockets 
mounted  on  the  main  parachute  harness  above  the 
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TABLE  6.12  SUMMARY  OF  IMPACT  BAG  DYNAMIC  PERFORMANCE  DATA 


DROP  NO. 


DYNAMIC  MEASUREMENT 

1 

2 

3 

4 

5 

6* 

7 

8* 

C.G.  Acceleration  Fwd  + (g's) 

0.9 

0.9 

— 

0.5 

0.5 

2.0 

1.0 

9.0 

C.G.  Acceleration  Left  + (g's) 

1.0 

1.3 

- 

- 

1.5 

1.0 

0.5 

9.0 

C.G.  Acceleration  Up  + (g's) 

7.3 

7.5 

6.7 

5.5 

1 5.0 

6.0 

6.0 

100.0@ 

L.  Wing  Tip  Accel  Up  + (g's) 

9.5 

10.0 

9.2 

9.0 

10.5 

11.4 

3.0 

100.0 

R.  Wing  Tip  Accel  Up  + (g's) 

7.5 

7.0 

7.0 

7.5 

7.5 

12.9 

NG 

NG 

Aft  Fuselage  Accel  Up  + (g's) 

4.0 

4.0 

4.0 

7.5 

3.0 

9.9 

1.0' 

20.0 

Aft  Fuselage  Accel  Right  (g's) 

1.0 

- 

- 

- 

2.0 

1.0 

- 

10.0@ 

Fwd  Fuselage  Accel  Up  + (g's) 

8.0 

11.0 

9.5 

8.0 

2.2 

7.5 

20.0@ 

10.2 

40.0 

Right  Bag  Press  Peak  (PSIG) 

3.0 

3.2 

2.8 

2.3 

(4.4)# 

2.0 

2.5 

- 

Left  Bag  Press  Peak  (PSIG) 

- 

4.4 

3.9 

3.5 

4.4 

4.0 

4.4 

- 

Vertical  Velocity  <§>  Impact  (FPS) 

19.3 

18.8 

19.6 

18.0 

17.2 

19.8 

17.5 

17.1 

Horizontal  Velocity  @ Impact  (FPS) 

- 

- 

- 

17.0$ 

17.0$ 

17.0$ 

17.0$ 

17.0$ 

Period  of  Stroke**  (SEC) 

0.15 

0.20 

0.18 

0.15 

0.18 

0.18 

0.23 

— 

* Accelerometer  Values  Approximate 

# Secondary  Peak  Pressure 

**  Period  From  Bag  Pressure  Build  Up  to  Zero  Bag  Pressure 
@ In  Excess  of  Values  Shown 
$ These  Values  are  Approximate 


payload. 

Ambient  Temperature 
Wind  Velocity  and  Direction 
Slope  of  Impact  Area 
Descent  Velocity 
(based  on  the  average  velocity 
during  last  five  seconds  be- 
fore rocket  ignition) 

Release  Altitude 

Chutes  Vehicle  Oscillation  Angle 
Releas? 

Line  Stretch 
Full  Open 
Probes  Impact 
Rocket  Ignition 
Vehicle  Impact 

Probe  Impact  to  Vehicle  Impact 


Iks 


84°  F 

6 knots/300° 
0° 

29.5  ft/sec 


2096  ft 
2° 

Elapsed  Time  0 
2.908  seconds 
1 5.508  seconds 
41.230  seconds 
41.308  seconds 
41.788  seconds 
.588  second 


Using  the  above  data  and  the  resu 
performance  computer  program  in 
(see  Figure  6.99),  it  was  determine^ 
impacted  at  a velocity  of  9.59  ft/sec 
was  8083  lbs.  Ihe  system  launch 
parachutes  was  8627  lbs.. 


of  the  rocket 
Reference  499, 
that  thevehicle 
The  test  weight 
Iweight  including 


Soyuz  Landing  System.  The  inly  operational 
landing  system  employing  retrorockets  on  manned 
spacecraft  is  that  of  the  Russian  three-man  ''Soyuz" 
No  details  are  available  but  the  soft-landing  reliability 
record  turned  in  to  date  bespeaks  a well-developed 
retrorocket  technology. 
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Figure  6.98  Low  Level  Air  Drop  with  Pre-Contact 
Deceleration  by  Retrorockets 


Figure  6.99  Thrust  vs  time  for  TE-M-421-1  and 
TE-M-421-3  Rockets  at  60°  F 
I from  Ref  499) 


The  history  of  deceleration  system  operations,  h 
that  of  any  other  human  undertaking,  is  spotted  wt 
malfunctions  and  failures,  some  of  them  fatal, 
prime  concern  are  the  injury  and  survival  rates  of  p 
sonnet  who,  by  chance  or  choice,  employed  pa' 
chutes  designed  for  ■ 

Emergency  escape  systems 
Delivery  of  Paratroops 
Spacecraft  landing  systems 
Aircraft  auxiliary  conttol 

Of  secondary  concern  is  the  cost  of  losses  in  terms 
(naterial,  time  and  dollars,  except  where  the  st rates 
advantage  of  a military  operation  may  be  jeoparizt 
by  decelerator  failures  in  unmanned  systems 

Typical  Malfunctions 

Although  the  following  types  of  malfunctions  a 
potential  sources  of  failure  of  operational  deceler 
tion  systems,  they  have  been  encountered  mainly  du 
ing  development  test  programs  through  errors  in  e 
tablishing  the  test  conditions  or  because  of  desic 
deficiencies.  All  known  design  deficiencies  are  co 
rected  prior  to  qualification  acceptance  so  that  sul 
sequent  failure  rates  are  generally  quite  low. 
Deployment  malfunctions  may  be  caused  by  obstrui 
tions  in  the  deployment  path)  inadequate  allowanc 
for  vehicle  spin  or  tumbling,  improper  angle  of  ejei 
tion,  insufficient  ejection  energy,  inadequate  reliabi 
ity  of  initiators,  improper  packing,  improper  riggini 
unforseen  environmental  factors,  and  impact  shoe 
waves  in  the  towing  riser. 

Inflation  and  deceleration  malfunctions  may  b 
caused  by  insufficient  structural  strength,  prematur 
deployment,  deployment  malfunction,  riser  abrasior 
notching,  or  cutting,  insufficient  allowance  for  veh 
cle  spin,  insufficient  allowance  for  vphicle-wak 
■ effects,  insufficient  allowance  for  nonuniform  loac 
ing,  excessive  porosity,  neglected  operational  varia 
tions,  reefing  line  cutter  failure,  premature  separation 
of  reefing  line,  premature  separation  of  a prior-stag 
decelerator,  malfunction  of  a prior-stage  decelerator 
and  undamped  high-frequency  oscillations. 

Descent  malfunctions  may  be  caused  by  major  dam 
age  tb  the  primary  drag  or  lifting  surface,  distortion 
of  the  primary  drag  or  lifting  surface  by  fouled  rig 
ging,  interference  between  clustered  canopies;  impac 
of  a previously  jettisoned  vehicle  component,  exces 
sive  undamped  oscillations,  excessive  relative  motior 
between  primary  liftingsurface  and  suspended  vehicle 
fouled  control  lines,  excessive  porosity,  and  effects 
of  dimensional  instability  on  trim  and  control  of  lift- 
ing surface. 
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Aerial  retrieval  malfunctions  may  be  caused  by  de- 
ployment malfunction,  collapse  or  inadequate  stabil- 
ity of  engagement  carropy,  and  insufficient  structural 
reinforcement  of  parachute  assembly  for  engagement 
impafct. 

Causes  of  Unreliability 

Major  causes  of  unreliability  in  decelerator  opera- 
tion may  be  identified  as  either  inadequate  design, 
materials  failure  due  to  accident,  or  human  error  in 
decelerator  assembly,  packing,  and  use.  In  designing 
for  reliable  performance,  and  in  assessing  the  reliabil- 
ity of  a given  design,  the  possibility  of  failures  from 
these  three  causes  must  be  considered. 

From  the  viewpoint  of  operational  parachutes  and 
other  decelerator  systems,  inadequate  design  is  gener- 
ally not  a major  failure  factor  in  actual  field  use.  Since 
virtually  every  decelerator  system  goes  through  a de- 
sign, a development,  and  a shake-down  testing  period, 
design  errors  are  generally  eliminated  in  development. 
The  exceptions  are  those  cases  in  which  the  design 
error  can  be  said  to  be  marginal,  and  in  which  the  fail- 
ure rate  due  to  the  design  error  is  so  low  as  to  be  un- 
detectable even  with  an  adequate  test  program,  and 
indistinguishable  from  accidental  causes. 

Materials  failures  may  be  divided  into  two  classes: 
failures  of  the  fabric  and  static  hardware  portions  of 
decelerators,  and  failures  of  the  mechanical  devices 
which  are  necessary  to  deceleration  system  operation. 
Failures  in  the  fabric  portions  of  canopies  are  proba- 
bly the  most  difficult  to  assess  on  a theoretical  basis. 
First,  experience  indicates  that  fabric  failures  must  be 
considered  from  the  viewpoint  of  critical  or  non-criti- 
cal  applications  of  the  fabric  in  the  parachute.  Thus, 
for  example,  in  many  missions  the  blowing  out  of  a 
panel  in  a canopy  does  not  necessarily  mean  a failure 
of  the  mission.  If  the  decelerator  function  is  merely 
to  land  the  load  without  damage  in  a general  area, 
and  the  decelerator  is  designed  with  a normal  margin 
of  safety,  the  loss  of  a panel  from  the  canopy  may. 
not  affect  the  reliability  of  missidn  performance  at 
all.  On  the  other  hand,  in  such  a mission  the  failure 
of  a riser  or  a suspension  line  could  very  well  result  in 
major  damage  or  destruction  of  the  load,  and  thus 
failure  of  the  mission. 

In  cases  in  which  both  the  deceleration  of  the  load 
and  the  achievement  of  a reasonably  precise  touch- 
down point  are  vital,  e g.,  delivery  of  a special  weap- 
on, failure  of  a single  panel  might  so  change  the  tra- 
jectory of  the  decelerator  system  that  the  mission 
would  be  a failure  even  though  the  deceleration  func- 
tion had  been  accomplished  successfully.  Thus,  mis- 
sion analysis  is  a vital  factor  in  determining  which 
specific  types  of  fabric  failure  cause  decelerator  sys- 
tem failure. 


To  pinpoint  the  exact  reason  for  the  failure  of  a 
canopy  is  a rather  difficult  engineering  task.  The 
tensile  strength  of  a large  number  of  samples  of  the 
fabric  used  for  any  given  member  of  the  canopy,  test- 
ed under  conditions  simulating  those  of  actual  use, 
will  be  found  to  vary  according  to  a normal  distribu- 
tion curve,  with  the  actual  strength  values  generally 
tending  to  group  around  a central  average.' 

A similar  study  of  stresses  which  are  placed  on  the 
various  canopy  members  during  parachute  deploy- 
ment and  descent  will  indicate  that  for  each  given 
phase  of  decelerator  deployment  and  operation,  a 
given  range  of  stresses  will  act  on  each  component. 
Again,  a series  of  measurements  will  tend  to  show  a 
range  of  such  stresses  at  any  given  point,  depending 
on  the  specific  manner  in  which  the  canopy  unfolds, 
etc.  As  in  the  strength  case,  these  values  usually  will 
group  around  a central  average  with  both  extremes 
considerably  less  common  thar  (he  mean. 

To  understand  the  reasons  for  many  accidental 
failures  of  canopies,  it  is  necessary  to  examine  the 
relationship  between  distribution  of  strength  of  the 
material  in  each  portion  of  the  canopy  and  stress  on 
each  portion  of  the  canopy  in  its  operation.  In  every 
application  of  decelerators  there  is  some  probability 
of  very  low  or  very  high  stress,  but  the  probability  of 
the  extremes  is  less  than  the  probability  of  a stress 
closer  to  the  average.  Similarly,  in  every  choice  of  a 
specific  piece  of  fabric  for  the  construction  of  a cano- 
py there  is  a possiblity  of  getting  a lower-strength 
piece  or  a higher-strength  piece.  Thus,  It  can  be  seen 
that  the  probability  of  accidental  failure  will  depend 
largely  on  the  probability  of  the  specific  portion  of 
the  canopy  which  fails  being  constructed  of  a low- 
strength  piece  of  material  that  encounters  an  acciden- 
tally high  stress  during  the  operation.  Many  of  the 
structural  failures  which  do  occur  are  caused  by  this 
factor,  i.e.,  excessive  overlap  of  the'  strength  and 
stress  distribution  curves. 

Failures  of  mechanical  devices  used  in  various 
decelerator  systems  present  a more  straight-forward 
problem  than  failures  in  fabric  portions.  With  static 
hardware,  items  whose  functions  are  primarily  pas- 
sive, the  cause  of  failure  may  be  attributed  to  the  dis- 
tribution of  strength  and  stresses  of  the  components, 
as  in  the  case  of  fabrics.  However,  there  is  another 
class  of  mechanical  devices  which  must  perform 
active  functions  during  the  deployment  or  operation 
of  the  system.  This  class  consists  of  reefing  line 
cutters,  interstage  disconnects,  deployment-initiation 
devices,  etc.  Here  the  reliability  problem  is  One  nf 
mechanical  functioning  in  an  environment  which  may 
include  low  temperature,  shock,  vibration,  accelera- 
tion, and  possibly  other  interfering  factors. 
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Human  error  is  more  difficult  to  deal  with  than 
the  purely  mechanical  problems.  Of  course,  human 
error  in  th°  process  of  parachute  design  is  part  of  the 
design  problem  rather  than  the  parachute-use  reliabil- 
ity problem.  However,  human  error  in  parachute 
construction  and  use  is  probably 'one  of  the  primary 
causes  of  failure  in  the  operation  of  many  of  the  most 
common  types  of  parachutes,  including  man-carrying 
parachutes  and  cargo  parachutes.  Major  areas  of  pos- 
sible error  may  be  isolated  as  errors  in  manufacture 
not  caught  by  inspection  procedures,  errors  in  rigging 
the  parachute  to  the  load,  and  errors  in  packing  the 
parachute. 

Human  error  in  the  manufacturing  process  is  quite 
difficult  to  evaluate  in  reliability  studies.  Here,  reli- 
ability is  primarily  a function  of  quality  control  by 
the  manufacturer,  and  also  depends  on  proper  train- 
ing of  manufacturing  personnel  and  on  thorough  and 
effective  inspection.  It  would  appear  that  such  errors 
are  relatively  rare.  In  a recent  study  of  parachute 
reliabilitv500 it  was  not  possible  to  isolate  human 
errors  in'  the  records  of  well  over  5,000  parachute 
uses. 

A distinction  is  made  between  human  error  in  rig- 
ging ...  ,d  human  error  in  packing,  primarily  because  a 
functional  failure  due  to  an  error  in  packing  can  be 
definitely  detected  in  the  parachute  behavior,  while  a 
failure  due  to  an  error  in  rigging  is  probably  more 
readily  traced  to  the  behavior  of  the  body  rather  than 
of  the  decelerator  itself.  In  the  study  cited  above,  it 
was  found  that  parachute  rigging  errors  which  caused 
failure  of  the  drop  mission  were  most  likely  to  occur 
in  those  airdrop  applications  in  which  irregularly 
shaped  loads  were  employed  This  appears  to  be  par- 
ticularly true  in  the  case  of  heavy  vehicles  loaded  on 
drop  platforms,  and  other  types  of  loads  having  pro- 
tuberances, sharp  corners,  and  unsymmetrical  shapes. 
In  these  failures,  the  actual  failure-mechanism  can 
usually  be  traced  to  the  snagging  or  tangling  of  some 
portion  of-  the  deploying  canopy  or  lines  on  a portion 
of  the  load. 

While  it  is  true  that  this  latter  failure  causes  unreli- 
ability in  the  mission,  the  advisability  of  considering 
such  failures  as  caused  by  unreliability  of  the  para- 
chute to  the  load  in  cargo  drop,  and  to  personnel  in 
man-carrying  applications,  is  not  under  control  of  the 
parachute  design  or  engineering  agency.  Thus,  unreli- 
ability due  to  rigging  error  can  be  corrected  primarily 
by  operational  discipline  rather  than  by  processes 
which  can  truly  be  said  to  bo  under  engineering  con- 
trol. Such  problems  probably  should  not  be  consider- 
ed as  part  of  the  reliability  of  the  parachute  itself, 
although  they  undoubtedly  affect  reliability  of  the 
mission.  Rigging  problems  in  many  other  types  of 
parachutes  are  not  as  serious  from  the  human-error 
viewpoint,  For  such  applications  as  missile  and  drone 


recovery,  aircraft  deceleration,  and  space  vehicle  re- 
covery. where  the  load  and  parachute  have  been  de- 
signed as  a unit,  the  rigging  error  may  be  considered 
as  a portion  of  the  packing  error. 

Human  error  in  packing  has  been  found  to  be  ont 
of  the  major  failure-producing  factors  in  some  type: 
of  parachute  reliability  studies50?  Here,  two  distinct 
portions  of  the  packing  process  are  isolated  ■ ot 
control:  (1)  the  canopy  lay-out.  folding,  ty 
stowing,  and  (2)  the  installation  of  hardware 
auxiliary  devices  required  for  parachute  operation.  , 
the  previously  mentioned  study  of  heavy-duty  para 
chute  reliability,  survey  of  the  records  of  para 
failures  in  normal  use  indicated  that  the  major 
human-error-failures  in  packing  were  not  in  the  > 
py  portion  of  the  operation,  but  rather, in  the  . :ii- 
ary-device  installation, 

Review  of  the  packing  process  for  large  and  com- 
plex parachute  systems' reveals  what  is  probar  v the 
basic  reason  for  a higher  rate  of  error  in  the  irstalla; 
tion  of  the  hardware  items.  Quality  control  measures 
applied  to  the  parachute  packing  process  require 
constant  inspection  as  each  step  of  packing  proceeds. 
During  lay-out,  examination  folding,  and  stowage  of 
the  canopy,  the  inspection  process  can  follow  each 
individual' packing  operation  quite  closely,  since,  the 
parts  of  the  canopy  involved  are  large  and  readily 
visible  to  the  inspector.  However,  when  hardware, 
auxiliary  devices,  reefing  line  cutters,  and  similar 
mechanical  devices  are  installed,  the  parts  involved 
are  usually  quite  small.  The  operations  required  of 
the  parachute  packer  are  such  that  frequently  his 
hands  hide  the  part  from  the  inspector.  Further, 
after  the  completion  of  the  operation,  it  is  sometimes 
difficult  for  the  inspector  to  see  all  portions  of  the 
part  clearly.  This  is  particularly  true  in  the  case  of 
canopies  which  must  be  installed  In  compartments 
that  are  in  integral  portions  of  the  load,  and  where 
electrical  connections,  etc.,  must  often  be  made. 
Here,  inspection  b«:omes  very  difficult  and  it  appears 
entirely  possible  that  the  inspector,  no  matter  how 
diligent,  might  miss  an  error  in  the  process  which 
couid  eventually  cause  failure  of  the  parachute  in  its 
mission. 

Of  course,  examples  of  such  errors  are  the  excep- 
tions rather  than  the  rule.  The  observed  rate  from  a 
study  of  failure  records  was  about  14  in  over  5500 
packings  of  complex  parachute  systems,  with  an  esti- 
mated 100  possible  opportunities  for  error  in  each 
complete  packing.  Thus,  over  a half  million  chances 
for  error  were  possible.  However,  in  ultra-reliable  sys- 
tems an  error  rate  of  this  magnitude  may  well  be  the 
major  single  cause  of  unreliability. 
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TABLE  6.1 3 8-YEAR  MALFUNCTION  STATISTICS  PERSONNEL  DROP  RECORD 


Number  of  Percentage  of 

Type  of  Parachute  Number  of  Drop*  Malfunctions  Malfunctions 


1 

9 

6 

8 

1 

9 

6 

9 

1 

9 

7 

0 


1 

9 

7 

1 

1 

9 

7 

2 

1 

9 

7 

3 

1 

9 

7 

4 

1 

9 

7 

5 


T-10 

324,170 

951 

0.29 

Maneuverable 

29,024 

6 

0.02 

HALO 

3,154 

0 

0.00 

T-10 

267,000 

570 

.21 

Maneuverable 

39,100 

5 

.01 

HALO 

4,292 

4 

.09 

T-10 

246,326 

930 

0.38 

Maneuverable 

40,229  ' 

35 

0.08 

HALO 

5,261 

5 

0.09 

T-10  Res 

894 

136 

15.29 

T-10 

283,776 

797 

0.28 

Maneuverable 

37,291 

27 

.07 

HALO 

7,096 

0 

0.00 

T-10  Res 

754 

122 

16.1 

T-10 

229,917 

599 

.26 

Maneuverable/MCI  -1 

37,926 

26 

.068 

HALO 

2,962 

2 

.06 

T-10  Res 

644 

99 

15.30 

T-10 

247,398 

721 

0.29 

Maneuverable/MCI  -1 

45,489 

31 

0.07 

HALO 

1 ,984 

1 

' 0.05 

T-10  Res 

641 

79 

12.32 

T-10 

165,856 

625 

0:38 

Maneuverab!e/MC  1 - 1 

39,929 

24 

0.06 

HALO 

3,692 

0 

0.00 

T-10  Res 

602 

82 

13.62 

T-10 

132,947 

615 

0.46 

Maneuverable/MC  1 - 1 

59,749 

92 

0.15 

HALO 

5,180 

0 

0.00 

T-10  Res 

654 

112 

17.13 

I 


mm 
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TABLE  6.14  8-YEAR  SUPPLY/EQUIPMENT  DROP  RECORD 


1968 

1969 

1970 

1971 

1972 

1973 

1974 

1! 

Number  of  Drops 

Number  of  Malfunctions 

23.321 

183 

15,102 

126 

17,084 

163 

15,684 

86 

7,649 

68 

6,836 

90 

5,837 

53 

5. 

Percentage  of  Malfunctions 

0.78 

.83 

0.95 

0.54 

0.88 

1.31 

0.91 

1 

Malfunction  Phases: 

EF 

IP 

EF 

IP 

EF  IP 

EF  IP 

EF 

IP 

EF 

IP 

EF 

IP 

EF 

Extraction  or  Ejection 

2 

91 

1 

36 

3 42 

3 15 

0 

11 

0 

13 

0 

4 

11 

Deployment  Recover/ 

5 

76 

22 

58 

7 54 

6 47 

4 

43 

29 

41 

13 

32 

32 

Release 

0 

10 

1 

8 

3 5 

0 11 

2 

7 

2 

5 

3 

1 

5 

EF  ■ equipment  Failure 
IP  ■ Incorrect  Procedure 


System  Reliability 

Representative  statistics  of  U S.  Army  on  airdrop 
parachute  system  reliability  in  terms  of  numbers  and 
types  of  malfunctions  are  summarized  in  Tables  6. 13 
and  6.14. 
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CHAPTER  7 

ANALYTICAL  METHODS 

Although  parachutes  and  simitar  devices  are  found  to  be  complex  both  structurally  and  functionally,  signifi- 
cant advantages  have  been  made  in  the  development  of  analytical  tools  for  design  analysis  and  the  prediction  of 
their  performance.  The  parallel  development  of  large  capacity,  digital  computers  has  made  it  possible  to  work 
with  mathematical  models  of  sufficient  completeness  to  produce  results  of  acceptable  accuracy  in  many  instances. 
Accuracy  of  ±10  percent  is  considered  good,  representing  current  state-of-the-art,  although  ±5  percent  is  a near- 
term  goal.  Higher  confidence  in  the  predictability  of  limit  loads,  temperatures,  and  system  motions  through 
analytical  means  would  reduce  the  extent  of  high  cost  full  scale  testing. 

Because  most  mathematical  models  of  decelerator  systems  embody  empirical  coefficients  of  different  kinds, 
two  of  the  major  deterrents  to  the  analytical  approach  are  the  shortage  of  data  of  the  kind  and  quality  needed, 
and  the  cost  of  obtaining  such  information.  The  most  useful  analytical  methods  are  those  capable  of  employing 
existing  test  data  of  the  kinds  easy  to  measure  with  accuracy  and  that  are  abundant  in  the  literature.  Where 
adequate  empirical  data  are  at  hand,  suitable  computer  programs  have  been  developed  and  utilized,  the  results  of 
which  are  generally  more  dependable  than  results  of  earlier  less  sophisticated  methods.  If  quick  solutions  to  new 
design  or  performance  problems  are  to  be  found,  short  empi.ical  methods  useful  for  preliminary  evaluation,  as 
well  as  advanced  computerized  methods  are  needed.  Unfortunately,  the  complex  behavior  of  flexible  aerodynam- 
ic structures  during  inflation  and  other  dynamic  loading  conditions,  cannot  yet  be  analyzed  with  the  same  rigor 
with  which  aircraft  or  spacecraft  structures  are  treated.  There  is  virtually  no  dependable  intermediate  approach 
between  the  approximate  empirical  methods  and  the  rigorous  mathematical  formulations  dictated  by  theory.  An 
engineering  understanding  of  the  short  methods  requires  an  appreciation  of  the  theory  and  logic  of  the  complex 
methods. 

The  nature  and  complexity  of  the  physical  phenomena  surrounding  decelerator  operation  is:  described  distinct- 
ly by  the  authors  of  Reference  501  .Parachutes,  drogues  and  similar  decelerators  function  for  periods  of  time  that 
range  from  seconds  to  minutes.  For  example,  the  periods  of  operation  of  the  Apollo  drogue,  pilot  chute  ana 
main  parachutes  for  a normal  entry  were  one  minute,  two  seconds,  and  five  minutes  respectively.  The  manner  in 
which  each  of  these  components  performs  throughout  its  period  of  operation  is  of  great  interest,  however,  the 
brief  moments  during  the  deployment  and  inflation  of  each  canopy  are  the  most  critical.  It  is  during  the  inflation 
process  that  critical  design  loads  usually  occur  along  with  other  physical  phenomena  impinging  on  the  ultimate 
reliability  of  the  system. 

FUNDAMENTAL  RELATIONSHIPS 

The  physical  properties  important  fo  decelerator 
operation  have  been  related  //>  a number  of  dimension- 
less ratios  drawn  from  classical  aerodynamics,  fluid 
mechanics  and  strength  of  materials  studies,  plus  a 
few  peculiar  to  this  particular  branch  of  aeromech- 
anicai  engineering,  e>g.,  air  permeability,  flexibility, 
and  viscoelasticity  with  amplified  hysteresis.  A con- 
venient way  to  present  these  fundamental  relation- 
ships is  in  terms  of  scaling  laws  and  similarity  criteria. 

Scaling  Law* 

Always  a difficult  subject  because  of  its  complex- 
ity, the  derivation  of  suitable  scaling  laws  for  deploy- 
able aerodynamic  deceleration  components  and  sys- 
tems has  been  a continuing  objective. 


Scaling  Ratios  for  the  Design  of  Model  Tesis.  Sev- 
eral investiga’ors  have  sought  general  scaling  laws  for. 
maintaining  dynamic  similitude  of  the  incompressible 
parachute  inflation  process.  In  general,  to  satisfy'  the 
laws  of  dynamic  similarity  in  a scaled  test  all  forces  in 
the  model  equation  of  motion  must  be  scaled  to  have 
the  same  relative  effect  as  the  forces  in  the  full-scale 
equation  of  motion.  This  approach  was  advanced  to 
a useful  level  by  Barton502and  further  expanded  by 
Mickey (Flexibility  and  elasticity  ratios  are  added 
herewith  to  complete  the  following  list.) 

Quantity  Ratio 

Length  ri/romri/ro 

Time  tj/tom  (ri/rol* 

Force  F j/Fo  - ( 0 j/PQ)  (rj/ro)3 

Mass  m \/mQ  » (p  f/pg)  (r)/rQ)3 
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Dimensionless  Correlation  Parameters 


Factor 

Parameter 

Symbol 

Name 

Scale 

lvp/p 

Ra 

Reynolds  No. 

Compressibility 

v/cs 

M 

Mach  No. 

Fluid  displacement 

v/(lgft 

, Fr 

Froude  No. 

Stretching  resistance  (1/elasticity) 

K/pv 2I 

Kp 

Kaplun  No. 

Stiffness  (1/flexibility) 

El/pv2l4 

n 

Relative  stiffness 

Added  air  mass 

pi2/m 

*m 

Mass  Ratio 

Air  permeability 

c 

Effective  Porosity 

Strain  = (pi/po>  <ri/ro> 

Flexibility  e-f/eo  * (pj/po)  (rj/roi* 

Elasticity  Ar//ArQ  “ !pUPO>  dl/ro)1  • 

An  example  of  the  application  of  some  of  these 
scaling  ratios  (Barton's)  to  Parawing  testing  will  be 
found  in  Refs.  220  and  504  - 506. 

Similarity  Criteria 

A second  approach  to  the  derivation  of  scaling  laws 
is  one  of  identifying  dimensionless  parameters  which 
must  have  the  same  values  in  model  tests  as  in  full 
scale  tests.  This  approach  to  the  parachute  inflation 
process  was  taken  by  Kapun385,  French384,  Rust507 
and  Mickey  361  . The  above  table  lists  some  of  the 
dimensionless  parameters  identified  by  these  investi- 
gators. 

Because  similarity  criteria  cannot  be  satisfied  with 
all  the  parameters  in  one  model  test,  those  of  greatest 
importance  to  the  decelerator  application  of  imprest 
govern  the  design  of  the  tests,  e.g.,  Ref  508.  For  rea- 
sons of  economy,  small  model  tests  of  all  types  (wind 
tunnel,  indoor  freefrops,  aerial  drops,  towing)  have 
been  used  extensively  to  generate  empirical  data.  Be- 
cause application  qf  the  model  scaling  laws  has  not 
been  sufficiently  re  ined,  the  results  of  such  tests  have 
been  mainly  of  a bjroad  qualitative  value  useful  only 
poses.  Some  steps  to  advance  the 
this  area  have  been  taken,  as 


for  comparative  pu 
state-of-the-art  in 
exemplified  by  References  354  and  509  -,512. 


Wind  Tunnel  Eff 

is  a constant  volou 
theoretical  infinite 
mated  by  most  dro<||i 
of  parachutes  at  hi 
test  models  is  limitr] 
ly  has  been  only  a 


'pets.  The  classic  wind  tunnel  test 
operation  corresponding  to  the 
[nass-  decelerator  .system  approx  i- 
|ue  applications  and  the  inflation 
altitudes.  Often  the  si/e  of  the 
jd  to  less  than  full  scale  and  usual- 
few  inches  inflated  diameter  for 


nh 


both  subsonic  and  supersonic  investigations  to  mini- 
mize choking  and  wall  effects.  This  has  made  it  con- 
siderably more  difficult  to  design  and  fabricate  accu- 
rate scale  models  of  flexible  decelerators  than  of  rigid 
bodies.  Application  of  scaling  laws  is  further  compli- 
cated by  the  constraints  placed  on  system  geometry 
and  freedom  of  motion  by  model  supports,  shock 
waves  generated  by  supports,  and  the  reflection  of 
body  shock  waves  from  tunnel  walls. 

Evaluation  of  static  stability  coefficients  as  a func- 
tion of  canopy  angle  of  attack  is  complicated  by  dis- 
tortion of  the  inflated  shape  by  the  constraints  used 
to  control  a.  Parachute  models  of  all  sizes  often  are 
allowed  to  oscillate  about  the  point  of  support.  Since 
this  point  seldom  coincides  with  the  center  of  mass  of 
a free-flying  system  the  character  of  the  oscillation  is 
modified  by  the  constraint.  Yhe  fixity  of  the  point 
of  support  also  prevents  gliding  which  is  an  integral 
component  of  the  oscillatory  motion  in  tree  descent. 

Relative  Stiffness  and  Elasticity.  Of  particula  sig- 
nificance to  small  model  test  results  is  the  relative 
stiffness  parameter,  the  reciprocal  of  bending  deflec- 
tion or  flexibility,  in  the  form  proposed  by  Kaplun38® 
This  is  a complex  criterion  virtually  impossible  to  sat- 
isfy over  a meaningful  scale  ratio  with  available  mate- 
rials. Although  material  stiffness  is  of  negligible 
importance  to  most  large  decelerators  over  a wide 
range  of  sizes,  the  relative  inflexibility  of  small  mod- 
els probably  has  much  to  do  with  the  general  lack  of 
correlation  of  both  steady  and  unsteady  aerodynamic 
characteristics  between  small  and  full-scale  test  re- 
sults 354,509. 

Relative  elasticity,  O/Kp),  can  be  identified  as  a 
strong  contributing  factor  to  the  growth  of  Co  with 
scale  (see  Fig.  6.S3)  and  to  variations  in  the  dynamic 
characteristics  of  decelerators.  With  a material's  re- 
sistance to  stretching  or  its  "effective  springconstant" 


expressed  as  k = P/el.  it  will  be  seen  that  l/Kp  = 
epv2l2/P,  i.e.,  the  structural  elasticity  varies  directly 
with  the  square  of  the  model  size  for  a given  material 
when  tested  at  the  same  dynamic  pressure.  In  this 
case,  the  full  scale  decelerator  could  be  one  hundred 
times  more  elastic  than  a one-tenth  scale  model.  But 
with  relative  elasticity,  much-  small  differences  in 
scale  can  have  significant  effects  on  decelerator  per- 
formance. For  example,  the  response  of  a half-scale 
gliding  parachute  to  control  signals  may  be  satisfacto- 
ry, while  that  of  the  full  scale  prototyoc  could  be 
degraded  below  a safe  level  through  the  amplification 
of  differential  yawing  oscillations  and  excessive  lag 
between  the  azimuth  heading  of  the  parachute  and  of 
the  suspended  vehicle  during  turning  maneuvers. 

Scaling  Laws  for  Other  Planets 


The  significant  physical  factors  relevant  to  deceler- 
ator operation  on  other  planets  are  surface  gravity 
and  atmospheric  density  fPop/p^J  along 
with  the  density  altitude  profile.  These  ratios  enter 
the  design  of  model  tests  to  be  performed  on  Earth 
through  relationships  such  as: 


Weight: 

Froude  number 
Mass  Ratio: 
Dynamic  pressure: 


Wp/We  - gp/g£ 

FrpJFfeM  (TPZl* 

Rmp/*memPp'Pe 

qp/q£  - pp/pe 


Where  the  subscripts  P and  £ represent  "planet"  and 
"Earth"  respectively. 

Heinrich50, 8dealing  specifically  with  the  design  of 
oarachute  model  tests  to  be  performed  on  Earth  in 
which  the  dynamic  stability  during  steady  descent  in 
the  MARS  environment  would  be  correctly  simulated 
derives  scaling  ratios  using  gm/ge  “ 0.38,  e.g.,  it  is 
shown  that  the  model  parachute  diameter  should  be 
De  - OJ.38. 

Barton 802 defined  scaling  laws  for  constructing 
models,  for  conducting  tests  with  models,  and  for 
predicting  full-scale  system  characteristics  from  the 
measured  fligHt  characteristics  of  models.  For  a spe- 
cific planetary  decelerator  system  these  are  identical 
to  the  scaling  ratios  listed  above  when  the  initial  con- 
ditions (r/rg,  vfag.  6 ) are  the  same  and  the  Froude 
number  and  mass  ratio  are  calculated  for  the  planet- 
ary conditions  as  shown. 


PREDICTION  OF  SYSTEM  MOTION 

77)*  aiamana  of  relative  motion  in  an  operating 
recovery  tyttam  an  at  their  maxima  in  the  deploy- 
mant  and  inflation  p roc  eat  of  aerodynamic  daceiera- 


tors.  The  expressions  for  estimating  such  motions 
with  their  related  parameters  are  presented  in  the  fol- 
lowing paragraphs  for  typical  methods  of  deployment 
and  inflation. 

System  Motion  During  Decelerator  Deployment 

For  a brief  period  during  decelerator  deployment, 
before  the  rigging  joining  the  canopy  to  the  body 
comes  taut,  the  canopy  and  the  body  follow  nearly 
independent  flight  paths.  When  wake  effects  are 
taken  into  account,  the  only  remaining  perturbing 
forces  are  the  small  ones  involved  in  extracting  the 
packed  decelerator  from  its  container.  In  this  con- 
text the  term  "canopy"  includes  deployment  bag  and 
pilot-chute  when  present  and  tne  deploying  assembly 
may  be  referred  to  as  the  "pack”. 

During  this  interval  the  effective  drag  area  of  the 
canopy  depends  on  the  method  of  deployment  and 
may  be  evaluated  in  one  of  several  ways 

The  packed  deployment  bag  alone  can  be 
treated  as  a bluff  body,  with  or  without 
pilot  chute. 

The  pilot-chute  or  drogue-pilot  drag  area 
usually  is  the  major  source  of  drag  wheth- 
er the  canopy  is  stretched  out  or  stowed 
in  a deployment  bag. 

Apex-first  deployment  of  an  uncontrolled 
canopy  has  unpredictable  drag  character- 
istics and  should  be  avoided. 

For  a preliminary  solution,  a trajectory  is  needed. 
Point-mass  two-degrees-of-freedom  (DOF)  digital 
computer  programs  are  in  common  use  for  simple  bal- 
listic trajectory  computations.  Reference  513  affords 
a more  rigorous  method  with  a mathematical  -model 
of  a six  DOF  body  and  five  DOF  decelerator  elastic- 
ally  coupled  incorporated  in  the  digital  computer  pro- 
gram, 

Minimum  Ejection  Velocity  Required.  When  de- 
celerator deployment  is  effected  by  ejection  alone, 
unassisted  by  either  pilot-chute  or  extraction  rocket, 
a specific  minimum  ejection  velocity  is  required 
under  any  given  set  of  conditions  to  ensure  complete 
canopy-stretch  and  clean  separation  of  the  deploy- 
ment bag.  Sometimes  the  mass  of  the  deployment 
bag  is  augmented  with  mass  of  the  sabot,  or  added 
ballast,  to  improve  the  separation  process.  The  ejec- 
tion velocity  is  critical  for  rearward  ejection  and  de- 
ployment of  a decelerator  from  a high-drag.  Ipw-mass 
vehicle  which  is  decelerating  rapidly.  That  is,  the 
ejection  takes  place  in  an  inertial  field  that  may  be 
Several  times  stronger  than  gravitation. 

A deployment  bag  designed  for  rnortar  ejection 
needs  no  canopy  or  suspension  line  restraints,  only 
partitioning  flaps.  After  the  mouth  closure  flaps  have 


been  unlocked,  the  bag  offers  very  little  interna!  resist- 
ance to  extraction  of  the  decelerator  as  it  moves  rear- 
ward under  the  impetus  of  its  own  decaying  momen- 
tum, assisted  by  aerodynamic  drag.  For  preliminary 
design  purposes,  with  the  assumption  that  the  bag 
drag  is  at  least  equal  to  the  internal  resistance  and 
nrifjm ^ is  small,  the  required  ejection  velocity  can  be 
estimated  as 

Av  (2ald),ji  7-1 

where  tha  body  deceleration, 

a * g[q(CDA)b/Wb  * sin  $ ] h/- 

ld  is  the  stretched-out  length  of  the  decelerator 
(risers,  lines  and  canopy)  and  (CqA)^  is  the  effective 
drag  area  of  the  body. 

This  method  yields  .cghtly  conservative  results, 
the  deployment  bag  generally  separatmg  from  the 
canopy  with  a small  residual  velocity.  When  a more 
precise  estimate  of  the  m timum  ejection  velocity  is 
desired,  the  method  presented  in  Reference  346 may 
be  employed. 

System  Motion  During  Decelerator  Inflation 

The  motion  of  a deployable  aerodynamic  decelera- 
tion system  with  lowing  body  during  the  critical 
operational  inflation  phase  can  be  characterized  gen- 
erally as  unsteady  ballistic  motion  for  which  the  tra- 
jectory lies  in  a vertical  plane  with  an  initial  path 
angle  9.  In  gliding  systems  an  attempt  is  made  to 
neutralize  the  effects  of  lift  during  the  deployment, 
inflation,  and  deceleration  phases  of  the  operation. 
Lift  and  cut-o<-p!ane  motions  become  significant 
later,  during  mere  nearly  steady  state  conditions. 
The  unsteady  nature  of  the  system  motion  along  the 
ballistic  trajectory  is  amplified  by  the  impact  loads 
and  other  force  transients  developed  during  deploy- 
ment of  the  decelerator  and  during  inflation.  There- 
fore. it  is  best  analyzed  in  conjunction  with  the  decel- 
erator inflation  process  and  the  prediction  of  opening 
loads. 

However,  where  only  preliminary  trajectory  calcu- 
lations are  desired  for  other  purposes,  approximation 
of  the  inflation  process  as  a simplified  drag  transient 
yields  satisfactory  results.  As  a minimum,  simple 
drag  area  step  functions  with  zero  filling  time  are 
assumed. 

Drag  Area  Growth  With  Time.  The  drag-area  input 
to  the  system  equations  of  motion  in  its  most  general 
form  includes  that  of  vehicle  and  drogue  as  a function 
of  Mach  number,  step-functions  representing  the 
drogue  stages,  and  appropriate  functions  defining  the 
growth  of  drag  area  with  time  for  the  inflation  proc- 
ess of  each  decelerator.  For  the  infinite  mass  condi- 


tion approached  during  the  opening  of  most  drogues 
and  reefed  parachutes,  canopy  drag  area  growth,  al- 
though non-linear,  can  usually  be  closely  approxi- 
mated as  linear  with  time  between  snatch  and  peak 
opening  forces  (Fig.  7.1).  For  prediction  of  opening 
forces,  rigorous  methods  require  non-linear  drag-area 
growth  functions  for  both  non-reefed  canopies  and 
for  the  inflation  process  of  a reefed  canopy  following 
disreefing.  For  trajectory  calculations  alone,  the 
details  of  the  filling  processes  can  be  ignored  or  great- 
ly simplified  relative  to  the  generalized  dragarea 
growth  history  illustrated  schematically  in  Fig.  7.1b. 


Figure  7. 1 Drag  Am  Growth  History  of  Infitting 
Dtctkrmon 


Estimation  of  Filling  Times.  Empirical  data  and 
filling  time  formulae  (pages  25jO  to  252)  provide  a 
convenient  means  of  estimating  decelerator  filling 
times  for  system  trajectory  computation!  Relative 
filling  distance,  Kt.  as  listed  in  Table  6.1  for  a variety 
of  parachutes  are  useful  particularly  for  near-infinite 
mass  systems.  In  this  case  v » vt.  and  from  equation 
6.8 

tfm  7-3 

Similarly,  the  filling  time  of  a non  reefed  parachute 
may  be  estimated  using  assumed  or  empirically  estab- 
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lished  (see Figure 6. 15)  values  for  /fJ# 

For  the  types  of  parachutes  listed  in  Fig.  6!  1 7,  and 
probably  for  any  of  similar  design,  the  ratio  tf/D0 
may  be  read  directly  from  the  curves  at  the  appropri- 
ate values  of  vs  and  X^. 

Dynamic  Interaction  of  Body  and  Decelerator 

Some  decelerator  systems,  such  as  that  of  Apollo, 
have  eccentric  riser  attachments  to  a body  of  large 
moment  of  inertia  and/or  may  be  deployed  while  the 
body  is  in  a deflected  attitude  (pitch  or  yaw)  relative 
to  the  flight  path,  the  typical  result  of  deployment 
and  inflation  forces  under  such  circumstances  is  the 
induction  of  pitching  oscillations  which  in  extreme 
cases  are  of  such  large  amplitude  that  partial  wrap-up 
of  the  riser  on  the  body  occurs.  This  type  of  body- 
decelerator  interaction  has  been  modeled  mathemat- 
ically and  programmed  for  solution  with  digital  com- 
puter51.4 The  program  treats  two  point-masses,  body 
and  decelerator,  with  three  degrees  of  freedom  in  the 
x-Z  plane  (Fig.  7.2). 


Applied  to  a body-decelerator  system,  the  analysis 
enables  determination  of  the  magnitude  of  drogue 
riser  forces  and  riser  wrap-up  on  the  body,  if  any; 
body,  drogue,  and  main  parachute  dynamic  history; 
and  body  stability  with  and  without  the  decelerator. 
Input  parameters  are  the  following. 

Body  mass,  moment  of  inertia,  and  both 
static  and  dynamic  aerodynamic  charac- 
teristics. 

Elasticity  of  decelerator  risers  and  lines. 
Canopy  and  added  air  masses. 

Decelerator  static  and  dynamic  character- 
istics. 

Variable  location  of  harness  attach  points 
Number  of  harness  attach  points  on  body 
(2  or  more)  . ■ 

Offset  of  body  c.g.  from  centerline. 

Decelerator  opening  aerodynamic  behav- 
ior.- 

Initial  conditions:  velocity,  altitude,  atti- 


Figure  7.3  Vehicle  Orientation  at  Drogue  Parachute 
Line  Stretch 

tude,  and  angular  velocity. 

Because  the  nun. tiers  of  variables  and  coefficients 
are  large  and  the  equations  of  motion  complex  they 
are  not  reproduced  here.  The  engineer  with  a special- 
ized problem  of  this  nature  is  referred  to  Ref.  514or 
to  Ref.  513.  The  results  of  a typical  analysis  of  the 
system,  shown  schematically  in  Figures  7.2  and  7.3, 
are  presented  in  Figure  7.4  to  illustrate  the  type  of 
problem  that  can  be  handled  by  the  program  and  the 
nature  of  the  solution. 

PREDICTION  OF  DEPLOYMENT  IMPACT  LOAOS 

The  nature  and  causes  of  deployment  impact  loads 
are  described  starting  on  page  236.  Simplified  empiri- 
cal formulae  arc  presented  to  illustrate  the  relation- 
ship between  pertinent  system  or  decelerator  para- 
meters and  the  resultant  snatch  forces.  The  impact 
load  is  shown  to  be  a function  of  the  differential 
velocity  at  tine  stretch,  the  mass  of  the  parachute, 
and  the  effective  spring  constant  of  the  suspension 
lines. 

Derivation  of  Simplified  Snatch  Force  Equation. 

The  simplified  equation  given  on  page  237  to  illustrate 
the  major  factors  related  to  the  snatch  force  was  dc 
rived  with  the  assumption  that  the  mass  of  the  para' 


a)  9 Vs  Tinn. Computer  and  Drop  Test  Re 
(Single  Drogue) 
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Tima  • Seconds  **  * * - n . 

* ,'n  i)t  ■>■>  ■xc  w 


t • • • Test  Remits 
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b)  Vehicle  Maximum  0 Vl  Tima. Computer  and  Ti 
(Twin  Drogue) 

Figure  7.4  Results  of  Dynamic  Interaction  > 


chute  was  small  relative  to  the  mass  of  th. 
This  is  not  always  the  case,  e.g..  for  deceler, 
traction  by  pilot  chute  or  drogue  in  which  th 
erator  pack  plays  the  role  of  the  body.  In  tf 
general  case,  the  following  considerations  ar 
nent  to  determination  of  the  impact  load  (set 
7.51.  With  the  assumption  that  the  drag  of  tf 
ed  canopy  is  negligibly  small,  the  velocity  of 
tern  after  the  snatch  force  has  reaccelerated  tf 
py  to  the  velocity  c'  the  body  is 
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Figure  7.6  System  Geometry  During  Deployment 


, mpvp  + mcvc 

V*>  ~ -m~^T  74 

' and  for  conversation  of  energy  (KE  * PE)  • 

mpvp1  mcvc 5 (mb  +mc)(v'b)i  «A/* 

+ + o m * , /- b 

2 2 2 2 

If  vt  - vp  - kvmax,  solution  of  equation  7-5,  after 
making  tne  appropriate  substitutions,  yields 

k mi/nc  Av^ax  - k A I2  imp  * mc)  7-6 

For  a first  approximation  a linear  relationship  is  as- 
sumed between  the  internal  load  and  elongation  of  the 
connecting  member.  Thus,  by  Hooke's  law  Ft  • kN 
with  the  substitution  of  A/“  F{  A in  equation  7-6 

2 ft2  (mp+mc) 
mt*  Kmpme 

and  solving  for  the  impact  load 

lKmbmc\*  7.7 


' t ‘-‘’max  \mp+mcJ 

When  mg/mp  is  small,  this  equation  reduces  to  Equa- 
tion 6-2.  A vmtx  may  be  estimated  with  reasonable 
accuracy  by  the  short  method  given  on  page  240 
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a)  Derived  Dynamic  Load-Eiorigation 
Characteristic 


b)  Best  First  Cycle  Load-Elongation 
Simulation 


c)  Wo ret  First  Cycle  Load-Time 
Simulation 


«o  FT/FT 

d)  Worst  First  Cycle  Load-Elongation 
v Simulation 


Figure  7.7  Maaaurad  Vs  Simulated  Dynamic  Strata  - Strain  Charactariatka  of  4001b  Nylon 
Suapantion  Una  Cord  (Ref 32a). 


Effective  Spring  Constant 

As  noted  on  page  240,  any  evaluation  of  a based 
on  the  static  load-strain  curve  for  the  material  is  auto- 
matically unconservative,  because  the  slope  ot  the 
dynamic  characteristic  dFr/de  is  steeper.  Along,  with 
this,  the  common  practice  of  defining  an  "ultimate’’ 
spring  constant  as 

*ult“  'ult/'ulJl  7-3 

yields  a mean  value  greater  than  for  the  design-limit 
load  range  (Fig.  7.6)  where  Fj/Pu/t  • 0.4  to  0.6. 
Therefore,  in  order  to  use  equations  6-1  and  6-2  for 
the  prediction  of  deployment  impact  loads  with  rea- 


sonable assurance  of  success,  laboratory  tests  should 
be  performed  to  establish  practical  values  of  the  aver- 
age effective  spring  constant  when  dynamic  loading 
and  hysteresis  data  of  the  types  illustrated  in  Figure 
7.7  are  not  available.  The  dynamic  stress-strain 
characteristics  of  nylon  parachute  textiles  were  in- 
vestigated by  Melzig56?  Groom330  and  McCarty'*29. 

McCarty329  developed  a computer  sub-routine  for 
the  load-elongation  characteristics  of  nylon  parachute 
suspension  lines.  The  results  illustrated  in  Fig.  7.7 
indicate  the  potential  increase  in  analytical  rigor  that 
may  be  realized  in  decelerator  opening  load  predic- 
tion and  stress  analysis  methods  through  its  adapta- 
tion to  digital  computer  programs  such  as  those  cited . 
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later  in  Spring-Mass-Momentum  parachute  inflation 
analytical  method  and  the  slotted  parachute  internal 
loads  analysis  method.  Both  static  and  dynamic 
characteristics  of  the  400  lb  cord  (MIL-C-5040E, 
Type  II)  used  on  the  35  ft  (Dq)  T-10  parachute  were 
modeled. 

Calculation  of  At 'max. 

At  time  zero,  body  and  canopy  moving  together 
share  the  initial  conditions  Vq,  h0  and  d0.  After  an 
interval  At/  they  have  separated  by  a distance  //  equal 
to  the  unstretched  length  of  lines  and  risers,  and  in  a 
rectangular  coordinate  system,  with  origin  fixed  rela- 
tive to  the  Earth  at  t0. 

/-  \[xb-xe)2  * Ub-zc>*}  * 7-9 

where  subscripts  t ' c refer  to  the  centers  of  grav- 
ity of  body  and  canopy  respectively.  Iq  Figure  7.5 
when  / * // 

A*Wr  ' [ <*b  . > ? 1Q 

♦ <*b-*c>  7 fl 

where  the  horizontal  and  vertical  velocity  compo- 
nents of  both  body  and  canopy  are  derived  from  tra- 
jectory calculations  for  each 

StmvcoeQ  7-1  la 

imvsind  7-1 1b 

The  following  equations  of  motion  may  be  employed 

mv  • mgtin  6 - pv^/2(CqS)  7- 12a 

mb  - mg  cot  d 7- 1 2b 

, where  m and  CqS  are  appropriate  values  of  the  mass- 
es and  effective  drag  areas  respectively  of  body  and 
canopy  to  make  up  two  independent  sets  for  solution 
over  the  interval  Aty  As  a minimum,  a two-DOF 


computer  program  for  the  trajectories  of  two  point- 
masses  provides  a satisfactory  solution.  The  short 
method  given  in  Chapter  6 also  yields  useful  results. 

Effect  of  Distributed  Decelerator  Mass 

While  the  differential  velocity  at  snatch  can  be 
determined  from  trajectory  computations  with  satis- 
factory accuracy,  the  assumption  of  a concentrated 
mass  results  in  excessively  high  predicted  impact 
loads  (even  when  the  average  effective  spring  constant 
is  underestimated).  Because  the  deployment  se- 
quencers completed  in  a short  space-time  interval, 
the  change  in  air  density  is  usually  inconsequential 
and  the  trajectory  of  the  deployment  bag  seldom 
deviates  significantly  from  that  of  the  towing  body. 
These  factors  are  sufficiently  small  in  most  cases  to 
be  negligible.  However,  the  variation  of  the  compo- 
nent masses  during  the  stretching-out  process  as  the 
deployment  bag  is  being  stripped  off  suspension  lines 
and  canopy  has  a significant  effect  on  the  predicted 
fortes. 

Good  results  were  obtained  by  McVey  and  Wolf348 
using  the  following  method  of  snatch  force  calcula- 
tion for  lines-firsi  deployment  of  a parachute  by  pilot 
chute.  When  the  sequence  starts,  the  pilot  chute  is 
already  fully  inflated  as  shown  in  Figure  7.8. 

For  the  case  of  a control  volume,  with  one-dimen- 
sional motion  losing  or  'gaining  mass,  the  momentum 
equation  may  be  written 

ZF  - d(Mvj/dt  t p/  va  vr  , 7- 13a 

IF  * M dv/dt  + dM<v±  vj/dt  7- 1 3b 

where  (+)  is  for  the  system  gaining  mass,  (-)  is  for  the 
system  losing  mass,  and 

Mv  ■ system  momentum 

va  * absolute  velocity  of  mass  added  or  removed 


Figure  7.8  Syttem  Configuration  During  Deployment 


vr  . = velocity  of  mass  added  or  removed  relative 
to  contro'  volume 

p/  = lineal  mass  density  of  line  bundle 

The  incremental  masses  of  lines  and  canopy  leav- 
ing the  deployment  bag  become  part  of  the  body 
mass.  With  refererce  to  Fig.  7.8,  the  respective  mass- 
es of  body  and  bag  are 

Mb  = mb  + P/'o  = P/i0 

Mc  - Mq  - P/Iq  Mq  - P/Iq 

Then  equation  7-1 3a  may  be  written 

Zfb*Mb*l 

ZFC  ~ MCSC  + pfig  (Sfo-Sg) 

Note  that  the  elements  of  line  mass  are  moving  at  a 
velocity  sb  when  they  join  the  body  mrs. 

From  equations  7-15  and  7-16,  with  the  substitu- 
tion of  external  forces  due  to  gravity,  drag,  line  ten- 
sion, and  using  the  appropriate  mass  and  mass  flux 
equations,  the  following  relationships  are  obtained. 

(mb  * Pj/0)  sb  = (mb  * p/lgj  g sin  0 
-(CDApsb2/2)-FT 


b)  The  linear  mass  distribution  of  the 
stretched-out  parachute 

c)  Pilot  parachute  mass  and  CpS 

d)  Body  and  vehicle  mass  and  CpA 

It  is  significant  that  trial  calculations  made  with 
constant  canopy  mass  during  the  canopy  stretchoc 
Interval,  in  place  of  input  (b),  yielded  snatch  forces 
to  2.5  times  greater  than  measured.  Computed  time 
to  the  peak  snatch  force  also  were  several  times  great 
er  than  observed.  Therefore,  it  may  be  conclude! 
that  the  distributed  mass  assumption  is  appropriate 
provided  the  details  of  the  lineal  mass  distributior 
can  be  correctly  depicted.  As  shown  in  Fig.  6.6,  th< 
way  in  which  canopy  mass  is  concentrated  at  the  skir 
has  a significant  effect  on  the  predicted  peak  load 
Likely  the  results  obtained  with  the  gross  average 
mass  distributions  would  be  improved  by  usinc 
dynamic  rather  than  static  load-strain  curves  for  the 
suspension  line  materials,  because  the  former  would 
cause  the  snatch  acceleration  to  rise  more  rapidly  and 
to  a higher  peak.  Moreover,  the  effect  of  hysteresis 
would  be  to  cause  a rapid  decline  after  the  peak  load 
event. 

PREDICTION  OF  OPENING  LOADS 


7-14 

7-15 

7-16 


<mc  -Pi<0)  *c  m <mc  -Pt'o^sin  0 -(CpSps2 /2) 

. . . 7-18 

i’FT-P/lo 

where  F t - Z{Pk» 

and  P(e!  is  obtained  from  the  load-strain  diagram  for 
the  suspension  line  material  where  the  strain  in  the 
lines  is 

7-19 

The  velocity  of  the  suspension  line  bundle  issuing 
from  the  deployment  bag  is 

4 “ (Fj~Ff)/pi  (ib-'scl  7-20 

where  Ft  is  the  average  force  required-to  extract  the 
lines  against  the  resistance  of  friction  and  the  incre- 
mental retaining  ties,  i.e., 

F,-ZFbt/tx  7-21 

where  tx  is  the  time  required  to  extract  the  complete 
line  bundle  from  the  deployment  bag. 

The  foregoing  equations,  starting  with  a point- 
mass  ballistic  tratectory  equation  to  include  the  flight 
path  angle  6,  may  be  solved  with  a digital  computer. 
Along  with  the  initial  trajectory  conditions,  input 
data  include: 

a)  The  load-strain  curve  of  suspension 
line  material 


Methods  of  predicting  deceierator  opening  toads 
are  progressively  being  developed  to  higher  degrees  of 
sophistication  with  large  capacity  digital  computers. 
Most  desirable  are  those  methods  for  which  the  em- 
pirical coefficients  required  can  be  derived  from  the 
results  of  a few  economical  tests.  Ideally,  such  tests 
would  be  performed  with  small  models  in  a labora- 
tory or  wind  tunnel,  but  these  data  have  been  subject 
to  scaling  inaccuracies.  Next  best  data  sources  are 
the  existing  records  of  adequately  instrumented  full 
scale  aerial  drop  tests  from  which  dimensionless  coef- 
ficients of  useful  generality  may  be  derived  by  re- 
analysis Desired  basics  such  as  pressure  distributions 
and  added  air  mass  coefficients  can  be  deduced  by 
iteration  of  complex  programs  until  predicted  and 
measured • results  are  in  good  agreement.  , This  ap- 
proach has  produced  several  load  prediction  methods 
of  good  potential  utility  (References  361 ,348,373, 
5»5  — 5177.  Each  load  prediction  method  em- 
bodies a different  mathematical  model  of  the  canopy 
inflation  process  and  requires  empirical  coefficients 
for  their  solution.  The  canopy  mass-momentum 
method313,  for  example,  computes  the  force  transient 
during  inflation  process  directly  with  the  input  of 
measured  average  characteristics  such  as  the  initial 
air  inlet  radius,  a radial  drag  coefficient  and  a radial 
added  air  mass  coefficient,  along  witn  appropriate 
mass  ratios.  Because  of  its  basic  simplicity,  the  load 
factor  method  continues  in  use  as  a means  of  estima- 
ting approximate  values  of  peak  opening  loads. 
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Load  Factor  Method 

The  load  factor  method  of  opening  load  prediction 
described  in  Chapter  6 frequently  can  be  used  in  its 
simplest  form  to  obtain  quick  preliminary  estimates 
of  decelerator  design  loads.  A problem  exists  in  de- 
termining which  set  of  empirical  data  best  fits  the 
conditions  surrounding  the  decelerator  system  being 
investigated  in  order  to  obtain  an  appropriate  opening 
load  factor  (C  x) 

General  trends  of  Cx  as  a function  of  mass  ratio, 
are  indicated  by  the  faired  curves  of  Fig.  6.25 
for  a number  of  different  types  of  parachutes  both 
reefed  and  non-reefed.  The  trend  for  lightly  loaded 
parachutes,  i.e.,  with  large  mass  ratios,  indicates  that 
the  opening  load  factor  can  become  very  small  for 
some  systems.  Data  scatter  makes  the  precise  shape 
of  the  curves  uncertain  and  obscures  any  correlation 
with  parachute  design  differences  that  might  exist. 
Only  the  pronounced  change  in  opening  behavior  of 
reefed  parachutes  after  disreefing  is  sharply  deline- 
ated. On  the  other  hand,  at  very  small  values  of  Rm 
the  test  conditions  from  which  Cy  data  were  derived 
approached  the  infinite  mass  case  because  decelera- 
tion during  canopy  inflation  was  slight. 


Clustered  Parachutes.  In  the  calculation  of  the 
opening  loads  of  clustered  parachutes,  synchronous 
inflation  with  peak  loads  the  same  for  each  member 
is  a special  case  which  provides  a base  reference  for 
estimating  probable  maximum  lead-parachute  open- 
ing loads  to  be  used  as  design  limits.  Two  approaches 
are  provided  by  available  empirical  data: 

1.  Apportionment  of  the  total  cluster 
load  among  the  member  parachutes  in 
accordance  with  max/mean  force  ratios 
derived  from  Table  6.2. 

2.  Calculation  of-  individual  lead-para- 
chute loads  on  the  basis  of  mass  ratios 
derived  from  probable  mass  fractions 
carried  by  lead  or-lag  parachutes. 

The  first  approach  is  described  below;  the  second  in 
Reference  217. 


The  Non -Synchronous  Opening  Load  Factor.  For 

the  synchronous  case,  the  total  cluster  force  transmit- 
ted to  the  body  through  the  main  riser  is 

fc-ncFcos$c  7 22 


where  ? is  the  mean  angle  of  the  parachute  risers 
from  the  cluster  axis.  Fc  reaches  a maximum  value  at 
the  same  time  the  force  of  each  member  parachute 
peak?  at 


F'*-C0SqCx 


For  the  non-synchronous  case  the  opening  force  of 
the  leading  canopy  can  be  written  simply  as 

Fx  = F'xCy  7 24 


where  Cy  is  an  empirical  load  factor  evaluated  direct- 
ly from  the  measured  max/mean  force  ratios  given  in 
Table  6.2.  Because  the  non-synchronous  cluster  de- 
celeration impulse  covers  a longer  time  interval  than 
the  synchronous  impulse  the  average  force  will  be 
somewhat  less  for  the  same  initial  conditions.  Thus, 
the  evaluation  of  Cy  as  follows  for  the  average  peak' 
load,  fx,  of  all  the  members  of  the  cluster,  is  some- 
what conservative 

Cy  = Fx/Fx  7-25 

Experience  recorded  in  Table  6.2  indicates  that  when 
the  limit  opening  load  is  calculated  with  equation 
7-24.  appropriate  values  of  Cy  for  preliminary  design 
of  cluster  parachutes  are  as  follows: 

CY 

1.45 
1.80 
2.0 


nC 

2 

3 

4 or  more 


Although  somewhat  higher  non-synchronous  open- 
ing forces  may  be  possible  they  appear  to  be  of  suffi- 
ciently low  probability  to  be  covered  by  the  design 
safety  factor. 


Mass-Time  Method 

A point-mass  two-degrees-of- freedom  digital  com- 
puter program  has  been  developed  around  equations 
of  system  motion  in  the  following  form3®' 


x “ vcosd  , {7-1  la) 

r ~^vsinO  (7-1 1b) 

v " -<Fp  + Db  + Wb  sin  Q)/mb  7-26a 

6 - -fg  cos  9)Ar  7-26b 


where  Fp  is  *he  tangential  force  of  the  decelerator 
with  the  effects  of  added  air  mass  included: 


Fp  m C0S  q * vfnt  * (ma  +mp)  v 

7-27 

+ Wp  sin  9 

and  the  effective  drag  area  and  added  air  mass  of  the 
inflating  canopy  are  expressed  as  functions  of  time  in 

the  following  way. 

CoS  - (CoSii+KCoSirtCoS), j 

7-28 

[It-tj)/lt2-tfi)n 

m,  - Kap(C0si3/2 

7-29 

7-23 


fna  = (3/2)Kap(C[jS)^  (CqS)  7-30 

(CpS)  ‘n[[(CDS)2-<CDS)1]/<t2-t1)]  7-31 

[(t-t1)/(t2-t1)]n-1 

where  the  variation  of  air  density  with  altitude  is 
included  in  the  program  and  t2-tt  is  the  filling  time 
while  the  canopy  drag  area  grows  from  (CDSlf  to 
(CDS)2,  computed  as  follows. 

t2-ti  = KsD0/v  i 7-32 

The  dimansionless  filling  time  parameter,  K s,  is  ob- 
tained from  empirical  data  such  as  that  given  in  Fig- 
ure 6.15  and  Table  6.1.  In  preparing  computer  inputs 
it  is  convenient  to  diagram  drag-area  growth  with 
time  as  in  Figure  7.1.  The  inputs,  for  each  run  com- 
prise the  following. 

Initial  conditions: 

v{y  h(y  so  and  fs  different  from  t0 

System  Characteristics: 

Body  - Wb.  CqA 
Parachute  - Wp.  CDS  (each  stage) 

Filling  time  constants  Kp  (each  stage)  + exponents: 
Reefed  - n m 1.0 

Disreef  - n « 2.5  (recommended  for  first  run) 

Added  mass  coefficients: 

Reefed  - Ka  » 0 

Disreef  - Ka  - 0.66 

Reefing  line  cutters  - Afr  (each  stage) 

A comparison  of  the  computed  force-time  history 
using  the  Mass-  ime  method  with  that  obtained  from 
one  of  the  Apollo  main  parachute  tests  is  presented  in 
Figure  7.9).  This  was  a "curve-fitting"  run  using 
measured  filling  and  reefed  intervals  to  verify  the 
average  reefed  drag  areas  and  the  added  mass  coeffi- 
cient derived  from  previous  data- reduction  runs  for 
all  of  the  tests  with  the  same  program.  The  following 
inputs  were  used  in  this  example. 

Initial  Conditions:  (Apollo  Test  80-1 R) 217 
Vq  ” 335  ,fps 

h0  - 15.000  ft 

90  * 5* 

f,  ■ 2.28  sec 

System  Characteristics: 

8ody : Wb  - 5160  lbs  CqA-  2.0  ft’ 

(Cylindrical  T.V.) 

Parachute:  Wp  • 119  lbs  (one  85.6  ft  (D0) 
Modified  Ringsail) 


Figun  7.9  Mass  Tima  Method;  Calculated  vs 
Measured  Opening  Loads 


Area  Stages 

CDS-  ft2 
[attf)  (at  disreef) 

tf-sec 

Exp.  n 

Reef  (1) 

228 

300 

1.44 

1.0 

Reef  (2) 

860 

900 

0.57 

1.0 

Full  Open 

4300 

1-79 

3.11 

Added  air  mass  coefficients: 

Reefed  - Kam  0 

Disreef  - Ka  • 0.66 

Reefed  Intervals: 

Stage  Ar-sec 
Reef  (1).  5.3 

Reef  (2)  2.8 

Apparent  Air  Mass 

The  utilization  of  the  apparent  air  mass  terms  for 
prediction  of  parachute  opening  loads  with  the  var- 
ious mathematical  models  of  the  inflation  process 
presented  in  this  section  justifies  consideration  of  the 
theoretical  and  experimental  background  established 
by  classical  aerodynamics. 

Analysis  of  the  resistance  of  bodies  to  accelerated 
motion  in  potential  flow  as  found  in  classical  hydro- 
dynamic  literature  utilizes  the  concept  of  "Apparent 


Mass".  Simply  stated,  "the  acceleration  (motion)  of 
a body  mass,  m,  in  an  ideal  fluid  is  equivalent  to  that 
of  a body  of.  mass,  m + m',  in  a vacuum,  both  being 
acted  upon  by  the  same  force,  F".  The  resistance  to 
motion  represented  by  the  m'  term  accounts  for  the 
additional  energy  required  in  overcoming  the  inertia 
of  the  surrounding  fluid.  The  resistance  <isappears 
under  steady  flow  conditions.  The  mass,  m',  has  been 
given  the  designation,  "apparent  mass"  (also  has  at 
times  been  called  virtual  or  added  mass). 

The  values  for  the  apparent  mass  term  are  well  de- 
fined in  literature  for  simple,  solid  bodies  (spheres, 
disks)  accelerating  in  an  ideal  fluid.  The  value  for  a 
sphere  is  0.50,  the  fluid  mass  displaced  by  the  sphere 
while  that  for  a disk  is  0 637  times  the  fluid  mass  dis- 
placed by  a sphere  of  radius  equal  to  the  disk  radius. 
In  equation  form 

"•'sphere  “ K<P>  1 « 0.50  (p)  (4/3n>3) 

m'diik  « K(p)  (4/3T03 ) » :637 (p)  (4/3itP) 

The  preceding  discussion  has  dealt  with  the  classi- 
cal development  of  the  "apparent  mass"  concept  as  it 
applies  to  the  analysis  of  non-steady  motion  in  an 
ideal  fluid. 

in  analyzing  the  test  data  acquired  on  spheres 
accelerating  in  a real  fluid  Bugliarello518  investigated 
the  following  equation  of  motion 

F - ma  * Ru  * Ra  7-33 

where 

m * mass  of  body  (sphere) 
a * acceleration  of  body 

F » force  acting  on  body 

Ru  * resistance  to  steady  motion 

(skin. fraction  and  profile  drag) 

Rt  » additional  resistance  to  accelerated 
motion  due  to  inertia  of  fluid 

The  resistance  to  steady  motion,  Ru.  is  usually  ex- 
pressed in  the  form 

Ru  - C0  1/2  p^S  7 34 


The  additional  resistance  to  accelerated  motion,  Ra. 
is  often  expressed  as  an  "apparent  mass”  effect  by 
writing 


*a  J 

where  m'  • 
and  K “ 

P - 
V - 


m'a  7-35 

K pV 

apparent  mass  coefficient 
fluid  density 

volume  of  fluid  displaced  by  body; 


Rewriting  Eq,  7-33  to  substitute  Eqs.  7-34  and  7-35 
provides 

F - tna  + C01/2  pv2S  + K pVa  7-36 


solving  for/f, 

K m F-ma-Cp  1/2 pv2S 
p Va 


7-37 


As  previously  noted,  ideal  fluid  values  for  K for  a 
sphere  and  disk  are  0.50  and  0.637  respectively. 
Bugliarello  obtained  experimental  values  for  AC  in  a 
real  fluid  of  from  less  than  zero  to  over  500.  A simi- 
lar scatter  of  K values  for  spheres  and  disks  accelera-. 
ting  ahd  decelerating  in  a real  fluid  have  been  obtain- 
ed (Refs.  519  and  520).  From  evaluation  of  his 
experimental  data,  Bugliarello  concludes  that  "evalu- 
ation of  the  resistance  to  non-steady  motion  in  a real 
fluid  as  consisting  of  the  sum  of  two  separate  terms, 
one  representing  the  resistance  to  steady  motion  and 
the  other  resistance  to  fluid  inertia,  is  questionable". 
He  goes  on  to  postulate  that,  "the  body  experiences 
only  one  resistance  in  which  the  effects  of  friction, 
turbulence,  and  fluid  inertia  are  commixed  and  inter- 
acting". He  therefore  incorporated  the  investigation 
of  the  following  equation  of  motion  into  his  analysis 
of  test  data. 

F m ma  + Total  Resistance  7-38 

Bugliarello  as  well  as  other  investigators  (e.g..  Ref.  519) 
expressed  this  total  resistance  as 

Total  Resistance m C 1/2  pv3S  « 7-39 


Equation  7-39  is  the  same  form  of  the  resistance 
(drag)  in  steady  motion  except  the  coefficient,  C, 
differs  from  the  steady  state  drag  coefficient.  CD.  dbe 
to  its  dependence  on  some  characteristics  of  the  non- 
steady  state  of  motion.  Substituting  Eq.  7-39  in 
Eq  7-38  and  solving  for  C, 


F - me 

1/2  p^S 


7-40 


Dimensional  analysis  (Ref  519)  indicated  the 
resistance  coefficient,  C,  to  be  a function  of  a para- 
meter, aO/v 3 , where  D is  a characteristic  length  of  the 
body.  Bugliarello  obtained  the  best  correlation  of  his 
sphere  experimental  data  by  plotting  C versus  this 
parameter.  These  plots  indicated  that  at  high  values 
of  aD/v3  the  value  for  C ( for  a constant  Reynold's 
number)  approaches  the  theoretical  value  from 
potential  flow  analysis  while  at  low  values  of  aO/v3 
the  value  for  C approaches  the  drag  coefficient  in  uni- 
form motion.  Figure  7.10  depicts  this  trend. 

The  application  of  the  apparent  mass  concept  in 
the  analysis  of  parachute  opening  dynamics  origi- 
nated with  Scheubel^and  Von  Karman 52  7 Since 
then  m nerous  investigators  have , incorporated  this 
parameter  into  parachute  equations  of  motion  both 
tangent  and  normal  to  the  flight  path.  Inherent  with 
flow  fields  surrounding  parachutes  are  real  fluid 
(viscous)  effects  such  as  boundary  layers,  flow  separa- 
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TABLE  7.1  ADDED  AIR  MASS  COEFFICIENT 
OF  HOLLOW  SHELLS 


Uniform  Motion) 

z 


Figure  7. 10  Resistance  Coefficient  vs  Dimensionless 
Acceleration  Parameter  ADA/3 

tion  and  wakes.  Application  of  the  apparent  mass 
concept  where  real  fluid  effects  exist  is  not  consistent 
with  the  constraints  inherent  in  its  development;  i e., 
restricted  to  ideal  fluid  flow,  as  noted  by  Mickey501. 
Mickey  states  that  "it  is  only  within  the  restriction  of 
a simplified  fluid  model  (incompressible,  acyclic 
potential  flow)  that  the  concept  of  added  (apparent) 
mass  has  a precise  meaning".  Ibrahim523  ^explicit- 
ly stated  that  his  investigation  of  apparent  mass  and 
apparent  moment  inertia  of  cup-shaped  bodies  did 
not  include  any  consideration  of  viscous  effects. 

The  Added  Air  Mats  of  a Parachute 

522 

Ibrahim  s work  |ustified  the  conclusion  that  the 
included  and  apparent  air  masses  could  be  lumped 
and  treated  as  a single  added  mass 

ma  “ m'  * m/  741 

However,  it  is  well  not  to  lose  Sight  of  the  difference 
in  functional  character  of  the  two  components.  The 
included  air  mass  is  present  during  steady  state  opera- 
tions. The  inertial  effect  of  the  apparent  mass  enters 
the  picture  only  during  unsteady  conditions.  During 
canopy  inflation  the  apparent  mass  component  in- 
creases to  a maximum  value  proportional  to  the  total, 
kinetic  energy  imparted  to  the  air  and  then  disappears 
as  soon  as  the  system  has  reached  a steady  state  The 
included  mass,  on  the  other  hand,  grows  with  the 
canopy  volume  to  a maximum  and  then,  after  a tran- 
sient rebound,  levels  off  at  a constant  equilibrium  vol- 
ume to  vary  only  with  subsequent  changes  in  air  den- 
sity, eg  , due  to  descent 

lbrahim522detininq  a non  dimensional  added  mass 
coefficient,  8 m 4/3aK,  determined  values  of  this 
coefficient  for  impervious  spherical  cups  mseinblinq 
•rrflated  parachute  canopies,  as  well  as  foi  solid  and 
hollow  spheres. 


Shape 

B = 4/3  ffK 

Solid  Sphere 

2.094 

Hemispherical  Cup 

4.475 

Deep  Spherical  Cup  (210") 

5.591 

Hollow  Sphere  with  pinhole 

2n 

The  included  air  mass  of  the  hollow  shape  is  account- 
ed for  here  along  with  the  apparent  mass  so  that 

B m m^pr3  7-42 


Since  B is  a shape  factor  essentially  invarient  with 
density,  by  substitution  of  Dp/2  for  r and  Va  for 
mjp.  Equation  742  may  be  adapted  for  the  descrip- 
tion of  parachute  added  mass  independent  of  altitude 

B • 8 Vg/Dp3  743 

where  Va  is  the  volume  of  the  added  air  mass.  It  is. 
pertinent  to  note  that  the  fraction  associated  with  m' 
was  provided  by  Darwin  in  1953  to  equal  the  "drift" 
volume  of  the  fluid  particles  disturbed  by  the  accel- 
erating body  (as  reported  in  Reference  522. 

The  added  mass  defined  by  Equation  741  was 
employed  in  an  analysis  of  parachute  opening  charac- 
teristics by  Mickey,  McEwan  and  Ewing551  Talcing  the 
easily  computed  effective  drag  area  of  an  inflating 
canopy.  CqS.  rather  than  Dp.  Ewing  defined  and 
evaluated  an  empirical  added  mass  coefficient  Ka  « 
ma/p(C0St3/3  which  when  reduced  to  the  same  form 
as  Equation  742  becomes 

Ke  m Ve/(CDS>3/3  744 

where  CpS  is  the  effective  drag  area  at  any  given 
Stage  in  the  filing  process.  With  Cpp  variable,  the 
assumption  that  Ka  is  constant  shape  tactor  for  the 
canopy  throughout  the  inflation  process  was  justified 
as  follows. 

U 

a.  The  quasi-dimension.  (CqS/  is  • <,'<■ .urnttly 
related  to  the  aerodynamic  events  engendering 
ma  than  is  Dp.  beejuse  .t  embodies  the  many 
Other  physical  parameters  represented  bv  the 
drag  coefficient  mrlu,dinq  canopy  poiosity 

b.  The  several  features  of  the  airflow  into  and 
around  the  inflating  canopy  of  a decelerating 
system  maintain  a constant  relationship. 

The  conical  portion  of  the  canopy  functions  as  arroir 
duct  I*51-52*- 525  with  small  momentum  losses  feeding 
the  pressurized  crown  area  containing  a partially  stag* 
nant  mass  of  air.  Although  the  canopy  Itself  grows 
shorter  and  fatter,  both  r and  Cp  increasing,  the 
total  flow  li'Td  simply  expands  in  volume  without  a 
significant  change  in  shape. 
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The  thrust  of  these  observations  appears  to  be  sub- 
stantiated by  experiment.  A computer  study  of  the 
opening  characteristics  of  the  Apoilo  main  parachutes 
showed  that  the  force-time  histories  during  the  open- 
ing transient  could  be  predicted  with  good  accuracy 
for  all  six  of  the  different  single  parachute  tests  evalu- 
ated with  Ka  » 0.66  constant  (see  Figure  7.9).  For 
the  fully  inflated  parachute  (with  a nominal  total 
porosity  of  \T  * 12.7  percent),  (C0S)0  = 4300  ft1. 
indicating  a maximurp  volume  for  the  added  air  mass 
by  Equation  7-44, 

Va  - Ka  (CDVQ  3/2  - 186.500  ft s 

This  is  the  volume  of  a sphere  70.9  feet  in  diameter. 
The  nominal  inflated  diameter  of  the  canopy  was 
Dp<*  59  feet  Substitution  of  these  values  ir  Equa- 
tion 7-43  yields  B » 7.26  which  is  larger  than 
given  for  a hollow  sphere  with  the  enclosed  air  mass 
included,  an  apparently  unrealistic  result.  But  it  is 
evident,  as  Ibrahim  pointed  out.  that  the  effects  of 
canopy  porosity,  flexibility,  and  turbulent  boundary 
layer  are  not  accounted  for  by  potential  flow  theory 
Moreover,  the  dynamic  growth  of  the  canopy,  attend- 
ed by  elastic  expansion  under  load,  also  clearly  is  not 
represented  bv  the  hollow  shell  model.  Elsewhere  it 
is  shown  that  the  increased  projected  area  resulting 
from  elastic  expansion  is  a dominant  factor  even  in 
steady  descent. 

The  projected  diameter  of  the  expanded  canopy 
can  be  estimated  from  the  ratio  of  the  opening  load 
to  the  ultimate  load.  The  opening  loads  in  some  tests 
were  about  40  percent  of  the  ultimate  for  which  the 
corresponding  structural  elongation  was  in  the  order 
of  10  percent.  The  indicated  projected  diameter  ii 
Opo  * 59(1. II  * 66  feet.  Under  somewhat  heavier 
loading  conditions,  a*  reported  in  Rut.  221  DPo* 
68  feet  was  measured.  Substitution  of  these  values  in 
Equation  7-31  yields 

8-4.75  to  5.43 

which  value*  are  representative  of  shapes  comparable 
to  a spherical  cup  somewhat  deeper  than  a hemis- 
phere (Table  7.11,  justifying  the  oblate  spheroid 
used  in  some  parachute  inflation  analysis. 

Apparent  Moment  of  Inertia 

In  decelerators  of  all  type*  both  turning  rates  and 
stabilising  moments  are  affected  to  a degree  by  the 
inertial  resistance  of  the  system  mass  to  angular  accel- 


eration part  of  which  consists  of  the  apparent  mo- 
ment of  inertia  of  the  added  air  mass  associated  with 
the  inflated  canopy.  The  concept  of  the  ac  arent 
moment  of  inertia  is  clarified  by  Ibrahim526  >efer- 
ring  back  to  the  apparent  air  mass  reasoning)  with  the 
following  arqument. 

"Similarly,  in  rotational  motions  the 
Apparent  moment  of  inertia  can  be  deter-  ' 
mined  from  energy  considerations  using 
the  velocity  potential  of  the  rotational 
motion.  The  kinetic  energy  of  rotation  is 

. given  by 

= n#/2 

Hence,  the  apparent  moment  of  inertia 
per  unit  length  of  a rotating  elliptic  cylin- 
der, for  example,  will  be 

r-2E(yn1  -wpu'-b1)1/* 

(where  a and  b are  semi-axes  of  the  ellipse 
and  Ii  is  the  angular  velocity  of  rotation 
of  the, cylinder  about  its  axis.]  “ 

A dimensionless  representation  of  the  apparent 
moment  of  inertia  for  purposes  cf  comparison  is 
defined  by 

A’-mn 

where  (^  is-  the  moment  of  inertia  of  a sphere  of  fluid 
equal  in  diameter  to  the  canopy  Dp,  or 

>„  - (8/15)  p»  < 0„ 72)*  7 47 

/*  was  evaluated  experimentally  by  measuring  the  per 
iod  of  oscillation  of  small  rigid  models  in  two  fluids 
of  different  densities,  air  and  water.  The  results  are 
plotted  in  Figure.  7.11  as  a, function  of  geomet'i'c 
porosity. 

Six-Osgrees  of  Freedom  Kinematic  Model 

The  limitations  of  the  mass-time  method  and  of 
the  dynamic  interaction  model  are  largely  overcome 
by  the  six-degrees  of  freedom  kinematic  model  for 
the  study  of  parachute  deployment  and  inflation  dy- 
namics developed  by  Tal8y6,5•M,  on  the  foundation 
laid  by  Gamble 

Because  flight  conditions  qn  another  planet  such 
as  Mars  cannot  be  precisely  duplicated  on  Earth,  it  is 
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Figure  7.11  Measured  Apparent  Moment  of  Inertia 
of  Rigid  Canopy  Models  v»  CkJ 


desirable  to  be  able  to  supplement  Earth  environment 
test  results  with  an  accurate  analysis  of  decelerator 
system  dynamics.  The  analysis  can  give  assurance 
that  allowable  vehicle  attitude  and  attitude  rates  de- 
fined by  the  capability  of  the  guidance  and. control 
system  will  not  be  exceeded  during  the  parachute 
deceleration  phase.  To  accomplish  this,  the  types  and 
magnitudes  of  the  input  parameters  required  must  be 
well  defined.  The  following  parameters  were  identi- 
fied 515by  iterative  computation  to  force  an  optimum 
agreement  between  simulation  and  flight  test  results 
of  such  quantities  as  vehicle  velocity,  dynamic  pres- 
sure. Mach  number,  harness  and  line  tensions,  atti- 
tude and  attitude  rate  histones. 

Vehicle  aerodynamic  roll  damping  coefficient 
Parachute  aerodynamic  pitch  and  yaw  damping 
coefficients 

Parachute  axial  force  coefficient 
Suspension  line  elasticity 
Suspension  line  damping 
Parachute  angular  rates  at  bagstrip 
Suspension  line  permanent  deformation 
These  inputs  and  the  values  obtained  from  one  Viking 
balloon-launched  test  were  considered  valid  for  use  as 
a starting  base  for  work  mvolvtng  dynamic  analysis  of 
the  supersonic  deployment  of  a disk-gap-band  para- 
chute. 

Talay®'®  concluded,  "Significant  voids  in  the 
knowledge  of  decelerator  technology,  particularly 
with  regard  to  parachute  aerodynamic  characteristics 
and  suspension  system  physical  properties,  appear  to 
be  a maior  obstacle  to  obtaining  accurate  simulations 
and  to  the  use  of  the  model  in  a predictive  mode". 


Canopy  Mass-Momentum  Method 

Inelastic  Non-Reefed  Model.  Employing  a set  of 
momentum  equations  along  lines  suggested  in  Refer- 
ence 501,  this  model  of  the  canopy  inflation  process. 
P'  nted  by  Wolf37,3  starts  with  Thomson’s  funda- 

ltai  equation  for  a system  of  variable  mass  (a  form 
of  equation  7-13) 

mi=  F + rh  (ie—i  ) 7-48 

where  i.  is  the  absolute  velocity  of  mass  entering  the 
syste  -ent  to  the  flight  path. 

Tw  ■ lases  of  the  inflation  process  are  identified 
as  propv-K.  by  Berndt356.  During  the  .initial  phase, 
the  canopy  fills  from  the  skirt  until  a small  region 
near  the  vent  is  filled  out. 

The  second  phase  encompasses' expansion  of  the 
inflated  portion  to  the  fully  inflated  shape  of  the 
canopy.  This  analysis  is  concerned  only  with  the 
second  or  final  inflation  phase. 

However,  it  is  necessary  to  take  the  initial  phase  of 
inflation  into  account  through  appropriate  data  re- 
duction for  evaluation  of  the  empirical  coefficients, 
e g..  rQ  and  sQ  as  defined  in  context  to  initiate  the 
second  phase. 

From  equation  7-48  the  equations  of  motion  of 
body  and  parachute  tangent  to  the  flight  path  be- 
come 

(mb  + mp-  mcj)*b  ~ <mb  +mp-  mci>  7 49 

gsind-F 

(mcj*mt)'sc  * mci- grind  * F - CqSqc  7-50 
* mcj  (ifo  -ic)  - rht  ic 

where  mc;-  is  the  mass  of  the  inflated  portion  of  the 
canopy.  Conservation  of  momentum  normal  to  the 
flight  path  yields  this  expression  for  the  rate  of  change 
of  trajectory  angle 

(mff  + mp*  mfiifid  * (mfr  + mp)  gcoeO  7-51 

To  make  both  body  and  parachute  follow  the 
same  ballistic  path  it  is  assumed  in  equation  7-51  that 
the  parachute  tangential  velocity  is  the  same  as  that 
of  die  body,  i.e.,  the  parachute  is  flexible  but  net 
elastic. 

The  radial  motion  of  the  inflating  canopy  is  de- 
scribed by 

(mcj  + r - 2 Cftjp Scsin  ^-F  tang  7-52 

-(mci  + ibr)l 

To  provide  the  constant  length  constraint  imposed 
by  the  assumption  of  inelasticity,  this  additional 
equation  is  required  for  the  distance  8long  a line  and 
radial  seam  from  the  confluence  point  to  the  major 
periphery  of  the  inflated  portion  of  the  cahopy 
shown  by  Figure  7.12 


(sb  - sc)2  + r2-(ls  + hs-  nr/2 J2 
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Filling  Time  Vs  Parachute  Mass  Ratio.  All  equa- 
tions are  reduced  to  a dimensionless  form  convenient 
for  solution  with  a digital  computer  using  v0  as  the 
reference  velocity  and  the  canopy  projected  radius  at 
full  inflation,  rp.  as  the  reference  length.  The  dimen- 
sionless parameters  of  interest  here  are 

filling  time 

tf  m tf  tj/fp  7-54 

and  parachute  mass  ratio 

K*  - 3mp/4pnrp3  7-55 

A solution  for  diniensionless  filling  time  as  a func- 
tion of  parachute  mass  ratio  is  plotted  in  Fig.  6. 18  for 
comparison  with  experimental  data.  This  set  of  com- 
putations was  based  on  the  given  and  measured  char- 
acteristics of  the  disk -gap-band  parachute  ex  perimen-' 
tal  prototypes  for  the  Viking  Mars  Lander  drogue. 
The  effect  of  varying  va  in  terms  of  Mach  number  is 
also  shown. 

The  relative  filling  distance  in  terms  of  projected 
radius.  rp,  is  roughly  three  times  qreater  than  that 
based  on  the  nominal  diameter.  0o.  In  addition, 
when  comparing  Wolf's  solution  with  others,  such  as 
Greenes  (Fig.  6.16).  differences  in  the  definition  of 
filling  time  must  be  taken  into  account.  The  filling 
distance  based  on  only  the  second  phase  or  final  fill- 
ing interval  as  defined,  will  generally  be  little  more 


than  half  that  for  the  total  filling  interval  including 
initial  and  final  phases.  With  allowance  for  these  dif- 
ferences, the  results  of  the  two  approaches  are  in  fair 
agreement,  particularly  in  regard  to  the  trend  toward 
constant  filling  time  in  supersonic  flow. 

Opening  Force  vs  System  Mass  Ratio.  Continuing 
with  the  remaining  equation  required  for  the  com- 
plete solution  of  the  parachute  inflation  process, 
dimensionless  equations  convenient  for  digital  com- 
puter programming  are  presented  which  embody  the 
following  dimensionless  parameters. 


Parachute  force 

/ 

m 

F/q0  Sp 

System  total  mass 
ratio 

Km 

me 

*b  + *p 

Body  mass  ratio 

*b 

am 

3mb/4np  rp 

Parachute  total 
mass  ratio 

K* 

. P 

* 

3mp/4np  rp' 

Canopy  mass  ratio 

*c 

m 

Kp  mc/mp 

Froude  number 

Fr 

m 

'‘o,f*p>% 

Velocity 

i 

m 

**o 

Distance 

i 

m 

Canopy  radius 

t 

m 

r/rp 

Time 

i 

m 

t*o/rp 

Terms  (x)  and  (Sf  signify  respectively  the  first  and 
second  derivatives  of  the  variable  with  respect  to 
dimensionless  lime _[  Added  air  mass  coefficients  for 
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axial  and  radial  acceleration  of  the  canopy: 

Axial  Bs  » 3m t/ 4 n rp3 

Radial  Br  - 3mr/4pt  rp3 

Parachute  quasi-steady  drag  and  radial  force  coeffi- 
cients 

Drag  Cq  m Fp/qc  Sc 

Radial  force.  Cr  * Ff/2  qc  Sc  tin  4 

With  the  assumption  that  the  canopy  mass  per  unit 
area  is  constant,  the  mass  of  the  inflated  portion  of 
the  canopy  is 

mci  » mc  Ir/tp)2 

The  acceleration  of  the  body  tangent  to  the  flight 
path  is  (equation  749  + equation  7-50) 

<**-**?>&•  tin  8/Fr2  7 56 

-Xp^j/ZB  .(Ky  * bd3ljc 

-3*t£2iic  + 2K0x{jb-jc) 

Canopy  acceleration  along  the  flight  path  is  the  sec- 
ond derivative  of  equation  7-53 

icm  'ih  *b7/2h  '*%  U.V -{*2 7 57 
where 

It  “ w(*o  ~*r  2>  + * 

h * ! in 

lo  m ' s ' 

Radial  acceleration  of  the  canopy  is  obtained  from 
equation  7 52 

Xri2  1/  (tin  f)M  7 58 

-(2Kc£  * 38 (X*)t  -3f(tan  41/8 
where  from  equation  7 35 

L‘~  <Km  -KC[*J  (tin  9/Fr3  ^ 

and  from  equation  7 5).  the  rate  of  change  of  the 
trajectory  angle  is  obtained  in  this  form 

Fr3  (Km  + Bd3i}bb-Kmcot9  7 59 

Equations  7 56  through  7-59  provide  a set  of  ordin- 
ary differential  equations  that  can  be  solved  for  the 
variables  t(y  tg,  r and  • as  a function  of  t in  addi- 
tion to  the  initial  conditions  and  the  masses  of  body, 
parachute  and  canopy,  solution  of  the  equations 
requires  sufficient  test  data  for  each  different  para- 
chute desiqn  to  establish  averaqe  values  of  the  empiri- 
cal coefficients  Bp  Br  Cp,  Cb,  rfl  and  rJOQ  Also, 
the  variation  of  Cp  and  Cb  with  the  Mach  number 
must  bo  known  when  p«vttnent  to  the  problem. 

It  is  evident  that  when  the  peak  opening  force 
occurs,  the  dimensionless  parameter  for  parachute 


force  becomes 

Jx’Fx/q0Sp  7 SO 

This  is  related  to  the  customary  opening  load  factor 

Cx-Fx/qtCoS-fx/C0p  7-61 

when  qQ  » qt,  which  is  reasonable  for  near  infinite 
mass  systems  For  the  infinite  mass  case  q0  < qf.  due 
to  system  deceleration  between  Ime-stretch  at  tt  and 
the  start  of  the  second  phase  of  filling  at  tg  However, 
the  difference  is  slight  in  most  instances,  because  the 
system  total  drag  area  is  usually  small  during  the  firs; 
phase  of  filling.  The  only  practical  difference  be- 
tween the  two  opening  load  factors  is  that  CpS  can 
be  obtained  from  test  data  more  readily  than  e ther 
C°P.  or  Sp.  and  with  greater  accuracy,  whether  or  not 
good  film  records  are  available. 

Application  of  the  method  was  demonstrated373 
for  the  disk -gap-band  parachutes  for  which  adequate 
test  data  we.;  available19.  The  following  empirical 
coefficients  were  evaluated  and  used  in  the  computa- 
tion of  dimensionless  opening  loads. 


Bt  - 0.5 
Br  • 1.0 

KP  * 01  Km 
Kc  - 0.5Kp 
CDp  - f(M ) 


C„  * 0.7?  C0i> 
2 V°o  " 0.707  P 
L0  * 0.25 
Jo  * 45 


The  computed  variation  of  fx  with  Km  at  Mai  h = 
0 to  1 5 and  Mach  3 is  compared  with  measured  data 
point?  in  Figure  7.13b  Experimental  results  appear 
to  correlate  well  with  theoretical 


a)  Variation  of  Cpp  With  Mach  Mo. 

Ftqurt  7. 13  Mmturtd  tnd  Fmtktod  Choncmittkt 
of  Ditk-Gtp-Btnd  Paracftvto 
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I 


b>  Variation  of  Opaning  Fore*  With  System 
Mach  Ratio 

Figure  7. 13  Continued 


Spring-Mass-Momentum  Model 

This  parachute  inflation  analytical  method  is  de- 
scribed in  Reference  34Sand  represents  an  extension 
of  the  simpler  model  presented.  Major  assumptions 
are 

• The  canopy  is  treated  as  two  lumped  masses, 
each  with  two-degrees  of  freedom. 

• Aerodynamic  forces  are  approximated  by  the 
sum  of  quasi-steady  and  fluid  inertia  forces. 

• Quasi-steady  forces  include  a drag  force  propor- 
tional to  parachute  cross-sectional  area  and  a 
radial  force  proportional  to  the  inflated  canopy  • 
area  forward  of  the  maximum  radius  point. 

• Fluid  inertia  forces  proportional  to  axial  snd 
radial  acceleration  are  included. 

• The  portion  of  the  canopy  from  the  skvt  the 
maximum  radius  point  is  approx  imr*  u by  a 
conical  frustum  while  the  canopy  aft  of  the 
maximum  radius  is  approximated  by  an  oblate 
spheroid  with  constant  velocity. 

• Elastic  forces  are  obtained  horn  static  load- 
strain  data  fy  materials  usej  m the  parachute 
structure  • 

• Towing  body  and  parachute  fellow  «,v>  *a;r*>  • 

ballistic  path. 

• The  volume  segments  associated  with  ? -.W 
py  skirt  and  inflated  crown  exchange  mau»  c.iy 
with  the  surrounding  air  and  not  with  each 
other. 

The  form  of  the  momentum  equation  is  defined 
by  equation  7 13a.  Trajectory  coordinates  used  in 
the^  phase-2  inflation  model  are  defined  in  Figure 
7.14a.  Six  degrees  of  freedom  are  required;  three 
flight  path  coordinates  - (body,  canopy  skirt,  maxi- 
mum radius  point),  two  radial  coordinates  (canopy 
skirt  and  maximum  radius)  and  the  flight  path  angle. 
The  elastically  connected  mass  components  and  sys- 
tem forces  during  inflation  are  illustrated  schematical- 


b)  Elastic  Cm-  \ ■■ 


c)  System  Forcas  During  Inflation 


o)  Inflating  Canopy  Gaomatry 


f)  Definition  of  Ovarlnflatlon  Angle  of  R salad  Canopy 

Figure  7. 14  Details  of  Spring  Mass-Momentum  Model 
of  Inflating  Pvtysymmetric  Parachute 
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ly  in  Figs.  7.14bandc.  Inflating  canopy  geometry  is 
defined  in  Figure  7.14d.  Motion  of  the  body  along 
the  flight  path  is  described  by  this  relationship. 

mfoSfo  » m^g  sin  6 -Fj  cos  0 -CqA  ps^  /2  7-62 

Rate  of  change  of  flight  path  angle 

(mfr  + tr\p+ max)Q  5^=  (mfr+ m^gcosQ  7-63 

Conservation  of  momentum  for  the  mass  concentra- 
ted at  the  parachute  skirt  (by  equation  7-14b) 

msss  « Fccos  0 + F/COS0  + msg  sin  6 7-64 

+ msrt c-sj 

and 

tms  + rna^J'f ^ * Fc sin  i p -F/sin  0~FPj_  7-65 

+ mstrc-rj  -maRsrs 

Similarly,  for  the  inflated  canopy  mass  point 

(mc  + ma^J  sc  ■ Fc  cos  0 -Cq  SrP*c  2 & 7-66 

+ mcg  sin  0 -max  i; 

(mc  + maRc)  rc  - -Fcsin0  -maRc  rc  7-67 

+ CR  ( 2SC  sin  0)  (cos  0)  ps2/2 
For  the  added  air  mass  terms 
m*sc  * 8xp4nrc3/3 
maRs  - BR,p*rt2 hucos  0 
foaPc  m BRcpirrc3  [4 1^/3  *sin  0 cot  0) 

The  parachute  mass  is  distributed  as  shown  in  Figure 
7.14e.  It  is  assumed  that  half  the  suspension  line  mass 
is  concentrated  in  the  skirt  and  the  other  half  attach- 
ed to  the  body.  For  reefed  parachutes  an  over-infla- 
tion angle  (Aii»)  was  defined  as  shown  in  Figure  7.l4f). 

Finite-Element  Elastic  Models 

Keck5'®  and  Sundberg  629 have  developed  finite- 
element  models  of  the  inflating  parachute  consisting 
of  a serie*  of  point  masses  connected  by  massless  elas- 
tic members  representing  body,  suspension  lines  and 
canopy.  In  Sundberg's  axi-symmetrical  parachute 
model,  the  elastic  members  have  non-linear  load- 
elongation  characteristics,  mass  points  in  the  canopy 
lie  on  the  radials,  and  the  towing  body  is  treated  as  a 
finite  point  mass  with  drag.  Also,  the  change  in 
canopy  porosity  with  material  stretch  is  accounted 
for.  The  motion  of  an  individual  suspension  line  is 
confined  to  a plane  containing  the  common  center- 
line  of  canopy  and  body.  Aerodynamic  forces  are 
applied  to  both  suspension  lines  and  canopy,  enabling 
investigation  of  canopy  interactions  with  transverse 
waves  and  tension  waves  in  the  suspension  lines. 

Basically,  the  dynamics  of  the  system  is  analysed 
by  solving  Newton's  second  law  (expressed  in  the  vec- 


tor form  as  F = ma)  for  avery  mass  point.  Typically, 
50-100  mass  points  are  used  to  model  the  suspension 
lines,  and  25-50  the  canopy.  The  acceleration  vector 
of  an  individual  mass  point  is  written 

a,-  - [m,gx  + (Fi+  H -Fj.  *7/2+  T(>*  -7}_* 

„ „ 7-68 

* TriVmi 

where  F is  an  aerodynamic  force  component  tangent 
to  the  structure  (surface)  and  T is  a tension  force,  Trj 
being  the  radial  component  of  the  hoop  tension. 

A sample  of  the  data  required  for  modeling  para- 
chute deployment  and  inflation  is  given  in  Reference 
529.  The  process  begins  with  canopy  and  suspension 
lines  accordion  folded  in  the  deployment  bag.  The 
modeling  includes  line  deployment  and  canopy 
stretchout,  inflation  and  disreefing.  Solutions  obtain- 
ed with  the  model,  show  the  tension  wave  motion 
which  occurs  during  deployment  and  early  inflation. 

Keck’s  model516  includes  point  masses  along  the 
gore  center-line  as  well  as  radials.  Like  Sundberg's 
model,  it  consists  of  a network  of  point  mass  nodes 
connected  by  massless  elastic  members.  Assumption 
of  polysymmetry  of  parachute  structure  and  the 
forces  acting  on  it  permits  the  inflation  analysis  to 
deal  with  the  motion  of  only  one  gore.  The  four  dif- 
ferential equation  of  motion  of  each  node  are  pro- 
grammed for  solution  by  digital  computer.  Inputs  to 

Number  of  nodes 

Mass  of  each  node 

Unstretched  lengths  of  interconnecting  members 

Breaking  strengths  of  interconnecting  members 

Initial  positions  and  velocities  of  nodes 
The'  original  model  had  eleven  radial  nodes  and  nine 
centerline  nodes,  requiring  the  computer  to  solve 
eighty  differential  equations  simultaneously.  Because 
the  computer  run-time  proved  prohibitive,  the  num- 
ber of  nodes  was  reduced  to  seven  and  five  respective- 
ly- 

Initial  results  using  the  simplified  model  consisted 
of  a detailed  description  of  canopy  shape  during  infla- 
tion, showing  the  proper  growth  pattern,  including 
bulging  of  the  gore  between  radials.  and  the  terminal 
over-inflation  process.  A comparison  of  experimental 
and  predicted  force-time  data  yielded  shorter  filling 
times  and  higher  peak  loads  than  measured,  indicating 
the  need  for  some  further  refinement  of  the  mathe- 
matical model. 

Theoretical  Approach 

Payne817  takes  a fresh  look  at  parachute  opening 
dynamics  with  the  objective  of  developing  a simpli- 
fied model  of  parachute  inflation  from  first  principles 
without  any  appeal  to  experimental  measurements. 
Confining  his  simplifying  assumptions  to  parameters 


of  secondary  importance,  Payne  identifies  and  ac- 
counts for  the  salient  physical  processes  that  may  be 
considered  fundamental  to  decelerator  inflation. 
Shortcomings  of  previous  theoretical  work  in  this 
respect  include: 

Neglect  of  the  included  air  mass  in  the  momen- 
tum change  (transient)  force  calculation 
Use  of  "ram"  pressure  rather  than  Ap  across  the 
canc-py  in  the  evaluation  of  relative  poros  ty 
Assumption  that  the  canopy  inflow  velocity  is 
the  same  as  the  free  stream  velocity 
Neglect  of  effect  of  suspension  line  tension  on 
canopy  growth  rate 
Neglect  of  suspension  line  elasticity 
By  taking  all  of  these  factors  into  account,  Payne's 
analysis  of  the  time-histories  of  canopy  radius  and 
force  coefficient  during  the  inflation  process  display 
the  oscillatory  growth  character  found  in  the  typical 
test  record  obtained  in  free  flight.  A summary  of  the 
equations  used  is  given  for  both  the  finite  and  infinite 
mass  cases.  Each  is  a set  of  differential  equations  for 
force,  canopy  pressure  component  due  to  velocity 
head,  and  canopy  size. 

Probable  Accuracy  of  Opening  Load  Prediction 
Methods 

Applied  under  the  most  favorable  conditions  such 
as  frequently  prevail  during  full-scale  development 
test  programs,  an  accuracy  of  ±10  percent  may  be 
realized  with  the  road-factor  method.  Under  similar 
circumstances  the  accuracy  of  the  mass-time  method 
for  the  prediction  of  single  parachute  opening  loads  is 
approximately  ±5  percent.  The  accuracy  of  decelera- 
tor opening  load  predictions  made  for  preliminary 
design  purposes  and  prior  to  any  testing  is  uncertain 
for  the  best  of  methods,  but  on  the  basis  of  general 
experience,  ±15  percent  is  a reasonable  expectation. 


STRESS  ANALYSIS 

The  street  analysis  of  deployable  aerodynamic 
daca/arator  structures  it  batter  deacribed  at  an  inter- 
nal unit  loadt  anaiytit  because  it  it  sufficient  to  deter- 
mine loadt  per  tingle  member  or  per  unit  width,  rath- 
er than  per  unit  area,  in  order  to  calculate  either  the 
ttrength  of  materirlt  required,  or  existing  margin t of 
tafety.  The  term  " 'strata " it  used  fo  detignate  unit 
loadt 

Margin  of  Safety 

The  margin  of  safety  is  defined 

MS-  <PRAp/rcSp)-f  7-69 


where 

PR  = rated  ultimate  strength  of  material,  either  a 
measured  minimum  or  a minimum  g;ven  in 
the  material  specification. 

Ap  = allowable  strength  factor  embodying  allow- 
ances for  various  conditions  which  either 
reduce  strength  or  increase  the  unit  load. 
/£  = critical  unit  tensile  load  in  the  structural 
member  (usually  derived  from  the  design 
limit  load  in  the  decelerator  main  riser). 
Sp  = safety  factor  to  cover  the  uncertainties  in- 
herent in  load  and  strength  predictions. 

The  allowable  strength  factor  is  the  product 

Ap  « u e o k t i scos  <f>  7-70 

where  the  sub-factors  are  individual  allowable 
strength  fractions  for  specific  strength  reducing  or 
unit  load  increasing  conditions  as  follows: 
u = joint  or  seam  efficiency 
e - abrasion  and  wear 
O = moisture  absorption  due  to  humidity,  etc. 

X * fatigue  due  to  repeated  loading  or  use 
r =*  temperature 
( = vacuum 

t - asymmetrical  or  unequal  loading 

0 = line  or  riser  convergence  angle  from  load 
axis  - 

It  is  convenient  to  combine  the  safety  factor  and  the 
allowable  strength  factor  in  one  overall  design  factor: 

Dp  m Sp/Ap  7-71 

Recommended  values  of  these  factors  as  they  pertain 
to  a given  decelerator  system  operation  are  given  in 
Table  8.6.  For  design  purposes  the  minimum  accept- 
able strength  of  material  is 

PR  - Dp  f'c  7-72 

Ideally,  the  material  selected  will  have  a rated  streng- 
th of  Pp  m PR  or  slightly  greater  for  a structure  of 
minimum  weight,  i.e.,  all  margins  of  safety  will  be  the 
smallest  attainable  positive  numbers.  In  these  terms 
the  margin  of  safety  is  simply 

Ms  " 7-73 

and  the  allowable  strength  of  a given  structural  mem- 
ber is 

PA  - YSr*P  7-™ 

of  all  components  or  plies. 

Prediction  of  Internal  Loads 

During  decelerator  inflation  a point,  is  reached 
where  the  canopy  surface,  reacting  to  differential 
pressure  generated  by  the  momentum  change  of  the 
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inflowing  air,  is  subjected  to  internal  fabric  tension. 
Owing  to  the  geometry  of  the  canopy  structure,  with 
fabric  panels  bulging  between  bounding  seams  and 
reinforcements,  the  fabric  tension  is  t'&nsferred  to 
the  nearest  boundary  members  along  the  warp  and  fill 
yams  of  the  cloth.  With  a bulge  of  double  curvature 
this  bi-axial  tension  is  shared  between  warp  and  fill  in 
direct  proportion  to  the  local  radius  of  curvature  of 
each  component  only  wnen  all  boundary  members 
are  part  of  the  primary  load-bearing  structure.  Free 
edges  at  vents,  slots  and  skirt  cannot  carry  loads 
across  the  gaps.  Tne  ability  of  boundary  seams  and 
reinforcements  to,  transfer  loads  depends  in  part' on 
their  orientation  relative  to  the  primary  load  axis  of 
the  canopy  and  in  part  on  their  location  on  the  sur- 
face. 

The  shape  arid  construction  of  the  canopy  as  a 
whole  defines  the  load  transfer  paths  across  the  sur- 
face and  generally  the  fabric  will  be  subject  to  critical 
stresses  in  those  areas  for  which  the  local  radius  of 
curvature  is  a maximum  when  the  differential  pres- 
sure reaches  its  maximum  value.  Ultimately  the  sur- 
face loads  converge  on  the  suspension  line  attach- 
ments at  the  skirt  and  are  transferred  downward 
through  lines  and  risers  aither  to  a body  harness  or  to 
one  or  more  hard  points  on  the  body  structure.  This 
integrated  axial  load  is  the  one  commonly  measured 
in  various  decelerator  tests. 

Canopy  of  General  Shape 

For  the  canopy  of  general  profile  and  pfanform 
the  unit  load  in  either  the  warp  or  fill  directions  is 
related  to  the  differential  pressure  and  the  local  ra- 
dius of  curvature  by  classical  membrane  theory  fora 
material  of  negligible  thickness  and  zero  bending 
strength  or  stiffness  in  this  way  ' 

f'r  - pri  - f'2  trj/r2)  7-75 

where  p is  the  differential  pressure, r j and  rj  are  radii 
of  the  surface  bulge  in  mutually  perpendicular  planes 
and  f'2  is  the  unit  load  in  the  plane.  Running  loads 
in  the  surface  are  f)  and  f'2  in  units  of  force  per  unit 
width. 

when  r,  • r3  then  ff  » fj  and  f * pr/2 

when  r3  = 00  then  r^/r^^O  and  F m pr 

Then  for  a fabric  surface  of  general  curvature  the 
critical  unit  load  may  be  characterized  as 

fc"Csfpr)max  7-76 

Where  Cs  is  a shape  factor  with  some  value  between 
0 5 and  1.0  at  a point  in  the  canopy  where  the  prod- 
uct pr  is  a maximum  either  in  the  warp  or  fill  direc- 
tion. Equation  7.76  with  Ctm  0.5  is  applicable  to  a 
spherical  surface  and  with  cs  * 10  it  is  applicable  to 
surfaces  of  simple  curvature  such  as  a cylinder  or 


cone.  For  other  shapes  it  is  possible  to  estimate  Cs 
from  test  data,  if  calculation  of  the  shape  factor  from 
thin  shell  membrane  theory  is  not  practical 

The  assumption  of  a uniform  pressure  distribution 
over  the  inflated  portion  of  a canopy  is  a reasonable 
one  in  many  instances  so  that  representation  of  the 
mean  unit  pressure  as 

p - F/Sp  7-77 

yields  a value  close  to  the  maximum  at  critical  points 
in  the  canopy.  Also,  the  pressurized  surface  of  a 
canopy  at  any  stage  of  inflation  is  roughly  spherical 
so  that  letting 

r * Dp/2  7-78 

represent  a generally  conservative  assumption  in  view 
of  the  bulging  of  th  • fabric  panels  between  bounding 
seams  and  reinforcements. 

The  combination  of  equations  7-77  and  7-78  in 
equation  7-76  with  Cs  - 0.5  yields  the  familiar  ex- 
pression for  the  unit  load  in  any  canopy  when  the 
inflated  portion  of  its  sh3pe  is  nearly  spherical 

rc  = Fjf/wDp  7-79 

Where  Fx  is  the  peak  opening  load  and  Dp  the  pro- 
jected inflated  diameter  of  the  canopy  at  that  instant 
This  simplified  expression  is  useful  for  the  quick 
estimation  of  canopy  unit  loads  in  preliminary  calcu- 
lations for  either  design  or  test  analysis  Similarly, 
at  the  point  of  transition  from  a cylindrical  shape  to 
a cylindrical  (or  conic)  inlet  region,  Cs  * 1-0  yielding 

rc-2Fx/vDp 

Suspension  Lines.  For  a decelerator  of  any  shape 
the  mean  unit  suspension  line  load  is 

ff  “ F/Z  cos  <f>  7-80 

Since  deviations  from  the  mean,  even  in  polysym- 
metric  parachutes,  can  be  large  and  high-glide  para- 
chutes in  particular  are  subject  to  extremely  non- 
uniform  load  distributions,  the  geometry  of  each  case 
at  the  time  F(max)  occurs  tends  to  be  special  and 
should  be  analyzed  in  detail.  The  location  of  the  line 
on  the  canopy  and  material  elasticity,  as  well  as  the 
angular  deffection,  must  be  accounted  for  in  unsym- 
metrical  parachutes. 


The  axi-symmetric  circular  parachute  being  poly- 
symmetric  in  every  salient  detail,  constitutes  the  most 
simple  decelerator  structure  for  internal  loads  analysis. 
However,  in  comparison  with  other  engineering  struc- 
tures, it  still  presents  ? problem  of  formidable'com- 
plexity  when  a mathematical  model  of  adequate  rigor 
is  required. 

The  first  consideration  is  the  lay  of  the  cloth  in 
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the  gore  sub-assemblies.  In  the  typical  solid  cloth 
canopy,  warp  and  fill  yarns  cross  the  gore  centerline 
at  an  angle  of  45  degrees,  as  shown  in  Figure  7.15, 
and,  with  warp  and  fill  of  equal  strength,  by  symmet- 
ry the  unit  load  (from  equation  7-76  with  Cs  = 0.5)  is 

f'=  0.5  (prbl  7-81 

where  r^,  the  local  radius  of  curvature  in  the  bias 
plane,  has  an  intermediate  value  between  the  trans- 
verse bulge  radius  and  the  canopy  meridional  radius. 

Block-cut  cloth  construction  with  warp  at  90 
degrees  to  the  gore  centerline  is  found  mainly  in  the 
canopies  of  slotted  design.  Although  vertical  tapes, 
when  used,  carry  small  loads  across  the  horizontal 
slots,  the  ribbons  and  sails  of  such  canopies  tend  to 
arch  with'simple  curvature  and  the  unit  load  of  inter- 
est occurs  transversely  in  the  warp,  represented  sim- 
ply (equation  7-76  with  C$  = 1.0) 

f" » pr  7-82 

where  r is  the  radius  of  the  sail  arch  in  a plane  normal 
to  the  gore  centerline.  This  load  is  carried  laterally  to 
the  radials  where  the  unbalanced  (normal)  compo- 
nents are  transformed  as  running  loads  into  incre- 
ments of  tension  in  the  radial  members  forming  the 
sides  of  the  gore.  In  contrast,  the  warp  and  fill  yarns 
of  the  bias  cut  cloth  transfer  their  tension  along  diag- 
onals which  add  vectorially  to  produce  both  normal 
running  loads  along,  and  radial  components  in  the 
radial  members  (Fig.  7.15). 

The  bias-constructed  canopy  can  be  treated  in  the 
same  terms  as  the  block-constructed  or  slotted  can- 
opies simply  by  applying  the  amplification  factor  to 
the  measured  stress-strain  characteristics  of  the  cloth 
warp  and  fill.  This  consideration  was  first  pointed 
out  by  Toppincp^who  suggested  a value  of  1.41,  i.e., 
the  transverse  strain  is  simply 

e 1.41  et,  7-83 

where  ep  is  the  material  strain  along  the  warp  or  fill 
axis. 

Solid  Cloth  Canopies 

Two  different  methods  have  been  developed  appli- 
cable to  the  computation  of  the  internal  loads  of  sol- 
id cloth  canopies: 

1.  The  inflation  energy  transfer  approach625 
in  which  the  strain  energy  of  the  canopy 
cloth,  plus  that  of  the  suspension  system 
is  equated  to  the  work  applied  by  the  air 
influx  during  canopy  inflation. 

2.  The  pressure-strain  equilibrium  approach 
(Ref.  531)  ip  which  a distributed  pressure 
load  is  applied  to  the  elastic  canopy- 
suspension  line  structure  such  that  the 
resultant  tensile  strain  duplicates  the 
inflated  shape  of  the  canopy. 


The  Inflation  Energy  Transfer  Method 

Houmard^uses  a method  of  computing  the  inter- 
nal loads  of  a parachute  structure  in  which  the  total 
strain  energy  of  canopy  cloth  and  suspension  system 
is  equated  to  the  work  applied  by  the  inflowing  air 
during  the  inflation  process.  This  work  is  treated  as 
the  sum  of  two  parts; 

A(pV)  the  product  of  the  differential  pres- 
sure and  the  change  in  volume 

F(EAI)  the  longitudinal  pressure  force  acting 
through  a distance  equal  to  the 
stretch  in  suspension  lines  combined 
with  the  change  in  the  canopy  height 
during  inflation 

Two  basic  variables  are  used  in  the  derivation  of  the 
equations  for  the  computer  program: 

1.  Meridian  station  from  apex  to  skirt  edge 

2.  Non-dimensional  time  from  deployment  bag 
strip  to  full  inflation  (t/tf) 

The  variables,  are  evaluated  by  measurement  of  mo- 
tion picture  records  of  the  inflating  parachute.  These 
define  the  size  and  shape  of  the  canopy  as  a function 
of  time  as  shown  in  Figure  7.16.  The  method  was 
applied  to  the  Viking  53  ft  (D0)  disk-gap-band  para- 
chute, with  48  suspension  lines  and  ls/D0  » 1.7,  for 
which  a large  quantity  of  pertinent  test  data  had  been 
obtained.  The  growth  of  the  maximum  projected 
area  and  the  area  defined  by  the  skirt  edge  during  the 
filling  interval  (Fig.  7.16b)  was  verified  by  a series  of 
subsonic  drop  tests  of  full-scale  Viking  parachute 
systems  from  altitudes  in  the  order  of  50,000  feet. 

The  meridian  length  at  any  inflation  stage  is 
equated  to  the  stretched  length  of  a meridian  tape 
under  the  predicted  instantaneous  dynamic  loads,  a 
uniform  distribution  among  the  48  radials  being 
assumed.  The  relative  elongation  of  the  radials  at 
each  load  level  is  taken  from  averaged  load  strain  data 
for  the  polyester  materials  used  after  the  load  is  mul- 
tiplied by  a factor  of  1.25  to  account  for  increased 
stiffness  due  to  dynamic  loading. 

The  inflated  shape  of  the  canopy  at  any  stage  was 
treated  as  a combination  of  an  oblate  hemispheroid,  a 
seyment  of  an  oblate  hemispheroid,  and  a conical 
frustum,  with  maximum  volume  at  full  inflation.  Per- 
tinent dimensions  of  the  parachute  during  inflation 
between  two  consecutive  points  in  time  are  given  in 
Fig.  7.16. 

Inflation  air  pressure  distributions  are  determined 
on  the  basis  of  the  following  simplifying  assumptions 
about  the  flow  field  inside  the  canopy: 

The  conical  frustum  portions  of  the  canopy  are 

un-inflated,  i.e.,  &pm  o. 

The  work  done  in  displacing  the  external  air 

mass  is  negligible. 
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The  positive  internal  differential  pressure  is 
constant  over  the  surface  of  the  oblate  hemi- 
spheroid  and  tapers  linearly  to  zero  for  inter- 
mediate stages  as  shown  in  Fig.  7.1  6. 

The  peripheral  band  is  first  subjected  to  inter- 
nal pressure  when  Dp(maxj  falls  in  the  gap  area. 
The  energy  capacity  of  the  canopy  cloth  is  conser- 
vatively evaluated  at  1 75%  of  the  area  under  the  load- 
strain  curves  of  the  material  to  take  advantage  of  the 
increased  efficiency  of  the  45°  bias  construction. 

Although  a fabric  structure  of  bias  construction 
theoretically  can  absorb  twice  the  energy  of  one  of 
block  construction,  ah  jt  25%  of  this  gain  may  be 
lost  due  to  pinching  and  shearing  action  of  the  crimp- 
ed warp  and  fill  yarns  in  the  weave. 

The  theory  and  associated  initial  parameters  of 
geometry,  loads  and  material  properties  provide  the 
basis  of  a digital  computer  program.  The  program 
was  used  to  predict  the  cloth  stresses  in  the  Viking 
parachute  as  a guide  for  the  selection  of  materials. 
The  distribution  of  predicted  stresses  is  presented  in 
Fig.  7.16  for  various  stages  of  inflation. 

The  Pressure-Strain  Equilibrium  Method 

The  CANO  1 digital  computer  program532may  be 
adapted  for  the  prediction  of  the  internal  loads  of  sol- 
id cloth  parachutes  on  the  basis  of  the  following  as- 
sumptions: 

Meridional  curvature  is  constant  over  each  hh 
segment  of  the  canopy,  and  curvatures  are  tan- 
gent at  the  junction  of  adjacent  segments. 

The  horizontal  cloth  segments  of  width  hh  have 
simple  curvature  «*  in  Fig.  7.15). 

The  vertical  members  between  segments  are  the 
fill  yarns. 

The  edges  of  the  horizontal  segments  lie  in 
planes  at  an  angle  to  normal  plane  f (Fig.  7.1 5). 
The  projection  of  a horizontal  segment  on  nor- 
mal plane  f is  a circular  arc. 

These  assumptions  are  equally  applicable  to  the  solid 
cloth  canopy  of  45  degree  bias  construction  when  the 
warp  and  fill  stress-strain  properties  of  the  cloth  are 
translated  to  the  horizontal-vertical  gore  coordinate 
system,  e.g.,  by  Equation  7-75.  A suitable  segment 
width,  &h/hs,  may  be  determined  for  any  given  cano- 
py structure  by  inspection  supported  by  a few  trial 
runs  of  the  program. 

Slotted  Parachutes.  The  following  method  of 
computing  the  internal  loads  of  ribbon,  fingslot  and 
ringsail  parachute  structures,  i.e.,  those  having  cano- 
pies made  of  concentric  rings,  was  developed  by  Mul- 
lins and  Reynolds  for  stress  analysis  of  the  Apollo 
Earth  Landing  System221:  Reference  531  describes 


application  of  this  method  to  the  parametric  analysis 
of  ribbon  parachute  structures.  The  structural  model 
of  the  canopy  required  is  illustrated  schematically  in 
generalized  form  ir.  Figure  7.17.  A polysymmetric 
structure  of  this  type  can  be  completely  described  by 
defining  one  gore  and  onesuspension  line  with  attach- 
ed riser  branch. 

The  gore  height  is  divided  into  a convenient  num- 
ber of  segments  by  designating  sail  edges,  intermedi- 
ate points  and/or  ribbon  centerlines  by  station  num- 
bers. A tabulation  is  prepared  of  gore  width  and 
height,  Ah,  dimensions,  and  all  sail  or  ribbon  and  tape 
materials  and  unit  strengths  are  identified,  member- 
by-member  at  all  stations.  Radial  tapes,  vertical  tapes, 
vent  lines  and  suspension  lines  are  similarly  identified. 
The  size  and  shape  of  the  canopy  reefed  and  after  dis- 
reefing  is  determined  by  photogrammetry.  The  infla- 
ted profile  is  specified  in  terms  of  diameter  at  the 
principal  station  numbers  from  skirt  to  vent.  The 
vent  diameter  provides  an  absolute  scale  of  reference 
because  the  heavily  reinforced  hem  stretches  very 
little  under  load. 

Pressure  Distribution  and  Equilibrium  Equations. 
Preliminary  estimates  of  canopy  pressure  distribution 
are  made  in  the  form  shown  in  Fig.  7.18.  The  differ- 
ential pressure  loads  and  structural  tension  loads  are 
related  as  shown  in  the  diagrams  of  Fig.  7.17  and  in 
the  following  equilibrium  equations. 


Full  Open  After  Disreefing  (below  the  skirt). 
f'l  * F/Zcos<j>  7-84 

<t>  - sin~ 1 [ RSs/re  (1  + e/l)  7- 85 

where  lg  is  the  initial  (unstretched)  length  of  lines  and 
risers  combined. 


Reefed  Opening  (below  the  effective  skirt). 

fi 


f's 


where  Ij.  is  the  initial  length  of  the  reefing  line  arid  C' 
is  the  unstretched  length  of  the  straight  portion  of 
the  canopy  radial  below  the  inflated  crown. 

In  Plane  A-A: 

r,  » eg/20  7-92 

area 

A i - (RA2/2)  [sin  (2  o/Z)}  7-93 


F/Z  cos  <p 

7-86 

F/Zcos 

7-87 

F (tan  \p-tan  <f>)/2Z  sin  (n/Z) 

7-88 

sin'1  [Rr/I'e<1  +e,)) 

7-89 

l'(1  +er)/2Z  sin  (v/Z) 

7-90 

Rr  +C'  (1  + eP)  sin  \p 

7-91 
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Figun  7. 18  Prassun  Distribution  in  Inflating  Panchum  (Rof.  221) 


A2‘  (Ry2/2)(20-sin  20)  7-  94 

The  projected  area  in  Plane  B-B  is 

A * Z(A  i + A2)  sin  y 7-  95 

The  local  differential  pressure  is 

p - p'F/AK ' 7-96 

where  p‘  is  the  pressure  coefficient  from  an  estimated 
pressure  distribution  curve,  e g.,  A p/q,  Fig.  7.18  and 
K'  is  the  integration  factor,  a function  of  the  shape  of 
the  pressure  distribution  curve  and  the  geometric 
porosity. 

Equilibrium  of  a Typical  Horizontal  Element. 

From  a summation  of  forces  in  direction  R,  the  unit 
tension  in  a horizontal  member  is 

f'c  = pRfsinh/Z)  hin  0 7-97 

The  arc  length  is 

9 ” 20  Rr  sin  (it,'.7) Ain  0 7-98 

The  length  of  the  horizontal  member  is 

*/y  “ e/y  (1  < Cr)  7-99 

where  b’r  is  the  unstretched  length.  A value  for  0 is 
found  by  iteration  to  give 

Or  = e 7-100 

The  unit  tension  in  each  horizontal  member  is  resolv- 
ed into  three  mutually  perpendicular  components: 

1 . Tangent  to  the  meridional  member 

A f'R  - f'c sin  (ir/Z) cosy  7-101 

1 (cos  0 + sin  0 sin  a/cos  a) 

2.  Normal  to  the  meridional  member  in  a plane 
which  includes  the  central  axis 

rN  * f'c  [sin  0/cos  a - sin  a 7-102 

(cos  0 + sin  0 sin  a/cos  a)  ] 

3.  A circumferential  force 

f’„  • f'c  cos  fn/Z)  7-103 

(cos  0 + sin  0 sin  a/cos  a) 

Equilibrium  of  a Segment  of  a Meridional  Member 
(Ah). 

Ry”  fR^N 

where  the  load  in  one  meridional  member  starting  at 
' the  skirt  is 

Cr  “ F/Z  sin  y 7-104 

and  the  number  of  gores  N * Z,  the  number  of  sus- 
pension lines.  At  subsequent  stations  Cr  is  coniputed 
by  subtracting  the  accumulated  AFr  from  the  initial 
value.  Since  the  ends  of  two  horizontal  members  are 
acting  on  each  meridional  member;  the  load  at  station 
/is 


f'Rj  = f'Rfj-  l,-(2AfRAh/2,  (j_  ir  7-1 05 

(2Af’RAh/2)j 

and  the  length  of  segment/ is 

Ahj*  Ah j(1  +eR)  7-106 

where  Ah':  is  the  unstretched  or  manufactured  length. 
For  complete  details,  s^-e  Reference  221 

Solution  Algorithm.  A flow  diagram  for  the  digi- 
tal computer  program  is  presented  in  Figure  7.19A.  A 
user's  manual  which  includes  a listing  of  the  program 
will  be  found  in  Reference  532 . 

Equations  7-84  and  7-85  are  solved  simultaneously 
by  the  method  given  in  Figu  e 7.19B  for  the  unreefed 
parachute.  Equations  7-86  and  7-87  through  7-91  are 
resolved  simultaneously  by  the  method  given  in  Fig- 
ure 7.19C  for  the  reefed  parachute  The  remaining 
equations  7-92  through  7-106  are  resolved  simulta- 
neously by  the  method  given  in  Figs.  7.1 0B  or  7.19C. 
Input  data  include: 

Parachute  geometry  (reefed  and  unreefed) 
Material  load-strain  curves 
Pressure  distribution  curves  (reefed  end  un- 
reefed) 

Main  riser  load.  F,  (reefed  and  unreefed) 

One  of  the  basic  assumptions  of  the  slotted  cano- 
py analysis  is  that  the  horizontal  sails  or  ribbons  arch 
outward  with  the  warp  yarns  lying  in  planes  normal 
to  the  radial  or  meridional  members.  But  it  was  ob 
served  that  the  vertical  members  of  the  ribbon  and 
ringslot  canopies  introduced  a pronounced  distortion 
near  the  skirt  that  prevented  the  horizontals  from 
bulging  normally  by  pulling  them  upward.  As  a re- 
sult, the  vertical  members  pick  up  a component  of 
the  grid  pressure  load  and  transfer  it  to  the  radial 
members.  This  is  generally  analogous  to  the  stress- 
strain  relationships  of  the  solid  cloth  canopy  illustra- 
ted in  Fig  7.15  except  for  the  45  degree  displace- 
ment of  warp  and  fill  axis. 

The  effect  of  the  vertical  members  on  the  internal 
load  distribution  of  the  canopy  was  accounted  for  in 
an  analysis  based  on  the  following  assumptions. 
Meridional  curvature  is  constant  over  each  Ah  seg- 
ment of  the  canopy,  and  curvatures  are  tangent  at 
the  junction  between  adjacent  segments.  The  hori- 
zontal ribbons  have  simple  curvature  (r^  * <*>). 

The  vertical  members  act  as  equivalent  fill  yarns 
uniformly  distributed  across  the  gore. 

The  edges  of  a horizontal  ribbon  lie  in  planes  at  an 
angle  to  normal  plane  C (Fig.  7.17). 

The  projection  of  a horizontal  ribbon  on  normal 
plane  C is  a circular  arc. 

The  additional  equations  required  are  not  develop- 


ffa/m  7. 19A  Flow  Dlogram  for  Program  CANO 
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Figura  7. 198  Flow  Diagram  Oaiail  Showing  Skin  Equilibrium  for  an  Unraafad  Farachuta 
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Flgura  7. 19C  Flow  Diagram  Datail  Showing  Skirt  Equilibrium  for  a Raafad  Parachuta 
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Figure  7.21  Relative  Reefing  Line  Load 


ed  here.  They  may  be  resolved  simultaneously  by  the 
method  given  in  Figure  7.20,  the  program  for  which 
is  also  listed  in  Reference  532  Application  of  CANO 
1 to  the  parametric  analysis  of  ribbon  parachute  struc- 
tures in  Reference  631  led  Reynolds  and  Mullins  to  a 
number  of  significant  conclusions: 

1 . The  CANO  1 structural  analysis  method  pre- 
dicts canopy  inflated'  shape  wdh  reasonable 
accuracy. 

2.  Vertical  members  can  have  a significant  effect 
on  the  inflated  profile  of  the  canopy  or  on  the 
horizontal  ribbon  loads. 

3.  Vertical  members  tan  have  a significant  effect 
on  the  load  carried  by  the  radial  members, 
mainly  in  the  skirt  and  side-wall  area. 

4.  The  number  of  goresin  the  canopy  has  a sig- 
nificant effect  on  the  circumferential  and 
meridional  loads  in  the  canopy.  In  particular, 
the  load  carried  by  the  vertical  members  is 
strongly  affected  by  and  is  inversely  propor- 
tional to  the  number  of  gores. 

5.  ' The  effect  of  canopy  cone  angle  of  circumfer- 
, ential  and  meridional  loads  can  be  significant. 

The  steeper  cone  angles  are  characterized  by 
higher  circumferential  loads  while  the  flatter 
canopy  has  higher  meridional  loads. 

Reefing  Line  Loads 

Tension  begins  to  build  up  in  the  reefing  line  at 


rt 


that  point  in  the  inflation  process  when  the  angle  of 
the  canopy  radial  members,  i 0,  becomes  greater  than 
the  convergence  angle  of  the  suspension  lines,  0. 
From  this  point  on,  the  ratio  of  the  instantaneous 
loads  in  reefing  line  and  parachute  riser  can  be  ap- 
proximated from  the  geometry  given  in  Figure  7.21. 

rs/F  - (tan  tan  <f>)/2  it  7-10  .' 

where  0 * tin'*  (0/21^ 

0 »»  tin’ 1 [ (DprDr)/2h  j J 
ft/  (Q(/2)-bc 
hc  * riDpr/4 

Equation  7-107  derives  from  the  simpie  relationship 
for  hoop  tension  in  a flexible  band 

rt  - pr 

where  p • F (tan  0-fan  <t>)/nDr  * distributed 
radial  component  of  F 
r - D ,72 

Although  ft(max)  occurs  a short  while  after  F(max), 
a conservative  result  will  be  obtained  by  assuming  the 
two  loads  are  coincident217. 

Hitfi-Glide  Parachute  Structures 

Defining  the  shape  of  a gliding  parachute  surface 
at  the  instant  the  canopy  is  subjected  to  a critical  dif- 
ferential pressure  is  a major  problem  of  internal  loads 
analysis.  The  complexities  are  greater  than  with  axi- 
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t)  Canopy  Tension  Approach  W Z-Equilibrium  Approach 

Figure  7. 22A  Circular  Approximation  of  Spanwise  Profile  of  the  Twin  Keel  Parawing 


Figure  7.22B  Comparison  of  Predicted  and  Measured  Line  Loads  for  Twin-Keel  Parawing 


symmetric  structures,  despite  use  of  reefing  tech- 
niques to  reduce  disymmetry  during  the  early  stages 
of  the  inflation  process.  The  nature  of  the  problem  is 
illustrated  by  Kenner*500^  his  analysis  of  a twin-keel 
parawing  that  failed  during  the  second  reefed  stage. 
His  approach  was  to  sub-divide  the  surface  into  a 
number  of  small  triangular  elements,  with  reinforcing 
tapes  defining  some  boundaries.  The  load-strain  and 
stiffness  properties  of  each  surface  and  tape  element 
were  specified,  and  the  state  of  initial  stress  in  each 
element  was  determined  by  an  iteration  process  to 
ensure  a correct  start  on  the  solution.  Then  the  ele: 
ment  and  system  stiffness  matrices  corresponding  to 
the  initial  stresses  and  initial  configuration  were 
formed.  The  boundary  conditions  were  selected  to 
represent  the  flight  conditions  as  closely  as  possible. 
The  critical  parawing  lobe  was  free  except  for  the  re- 
straints at  the  center-lobe  reef  point  and  the  suspen- 


sion line  attach  point  to  the  test  vehicle.  The  result 
was  a 234-OOF  representation  of  the  finite  element 
model.  Failure  to  obtain  convergence  of  the  model 
on  the  measured  applied  loads  by  the  linear  incre- 
mental method  made  it  necessary  to  use  a piecewise 
linear  iteration  technique  to  obtain  a solution. 
Among  his  conclusions,  Kenner  stated,  "although  the 
iterative  solution  converged  only  approximately,  the 
results  predicted  stress  levels  sufficient  to  cause  fail- 
ure in  the  region  where  a failure  was  experienced  in 
the  drop  test".  Lack  of  suspension  lines  at  all  rein- 
forcement tapes  was  indicated  as  the  probable  cause 
of  failure. 

Another  approach  to  the  internal  loads  analysis  of 
single  and  twin  keel  parawings  is  illustrated  in  Refer- 
ence 533  where  Spangler  and  Nielsen  describe  a 
method  of  predicting  the  aerodynamic  performance 
of  all  flexible  parawings.  The  spanwise  profile  of  the 
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fully  inflated  canopy  was  approximated  with  a circu- 
lar arc  in  a conical  surface  as  shown  in  Figure 7.22A. 
Two  approaches  to  the  transfer  of  the  surface  load  to 
the  suspension  lines  were  tested  analytically  with  the 
results  indicated  by  the  comparison  of  predicted  and 
measured  line  loads  shown  in  Figure  7.22B. 

While  the  Z-equilibrium  approach  appears  to  be 
adequately  conservative  over  most  of  the  structure, 
the  applicability  of  this  steady-state  me  del  to  dynam- 
ic inflation  conditions  is  uncertain  and  such  applica- 
tion was  not  proposed  by  the  authors.  The  analytical 
rpethod  (Ref.  380).  represents  one  potential  starting 
point  toward  development  of  a more  complete  math- 
ematical model  designed  for  the  prediction  of  internal, 
fabric  stresses  in  the  canopy  as  well  as  suspension  line 
loads. 

AERODYNAMIC  heating  temperatures 

Discussed  in  Chapter  6 were  several  different  types 
of  dec  iterator  si  uctures  and  materials  subject  to 
aerod'/namic  heating,  including  :: 

Woven  doth  and  mesh  surfaces,  effective  poros- 
ities ranging  from  C » 0 to  0.3  approximately. 

Flat  ribbon  grids  with  ribbon  widths  ranging 
from  0.35  to  2.0  inches  and  geometric  porosi- 
itiet  of\g*  5 to  35  percent. 

Circular  canopies  with  both  concave  I parachute j 
and  convex  (Ballute)  surfaces  of  varying  thick- 
hess  subject  to  high  heat  flux  rates. 

Nylon,  Dacron,  Nomex,  stainless  steel,  etc.,  tex- 
tiles either  bare  or  with  protective  coatings  of 
various  compounds. 

The  nature  of  available  empirical  data  constrains  def- 
inition of  component  models  that  are  both  realistic 
and  amenable  to  practical  analytical  treatment.  A 
porous  cloth  or  mesh  surface  has  been  treated  as  one 
composed  of  two-dimensional  cylindrical  elements 
bounded  by  slots,  or  as  a duster  of  nozzles  consisting 
of  circular  orifices  with  rounded  entries.  Since  bare 
yams  are  not  smooth  cylinders  but  porous  bundles 
of  fibers  or  filaments,  this  characterization  would  be 
best  for  coated  yams  in  a porous  mesh.  Flat  ribbon 
grids  of  any  type  act  more  like  dusters  of  sharp  edged 
orifices  than  nozzles,  even  with  beaded  edges  on  the 
ribbons.  However,  treating  narrow  coated  ribbons  as 
cylinders  of  equivalent  cross  section  and  a rectangular 
orifice  as  equivalent  to  a round  one  of  the  same  hy- 
draulic diameter  has  given  good  results*8.7  The  skirt 
leading  edge  of  a parachute  or  the  side-watts  of  a Bal- 
lute have  been  treated  as  slabs  of  poor  thermal  con- 
ductivity. 


Total  Energy  Balance 

Expressed  in  the  form  given  in  Reference534,  the 
total  energy  balance  is 

(a)  (bj  (c) 

HSj  (taw-  Tjyj  t - 

<d>  7-108 

oF4S4  e(Tw4- T/)  « pm  Vm  Cpm  (dT/dt) 

Term  (a)  is  the  energy  input  caused  by  the  canopy 
motion  through  the  air  in  the  wake  of  the  towing 
body;  term  (bj  is  the  energy  input  by  solar  radiation; 
term  (c)  is  the  energy  loss  by  radiation  to  space,  and 
term  (d)  is  the  energy  loss  by  radiation  to  the  Earth. 
This  total  is  equal  to  the  rate  at  which  energy  is 
stored  in  the  decelerator,  where  T is  the  average  in- 
stantaneous temperature  of  the  decelerator  mass, 
and  Tw  is  the  temperature  of  the  decelerator  surface. 
Pm  ancl  CPm  is  the  average  specific  heat  of  the 
materials  in  the  structure.  Terms  (bj  and  (d)  are  gen- 
erally negligible  relative  to  (cj.  Also,  compared  to 
equilibrium  temperatures  of  practical  interest  the 
temperature  of  space,  T(  = 7°R.  is  negligible.  As 
applied  in  Reference  534  ahalysis  the  numerical  sub- 
scripts identify  the  parameters' at  the  stations  shown 
in  Fig.  7.73.  For  calculation  of  maximum  tempera- 
tures the  heat  storage  term  may  be  omitted  and  equa- 
tion 7-108  becomes  simply  a balance  between  the 
convective  and  radiative  heat  fluxes. 

HS}  (Taw- T,j  - oS3e  T*  7-1 09 

T9  = the  equilibrium  surface  temperature 

■i  = convective  heat  transfer  coefficient 

Sf  = surface  area  exposed  to  aerodynamic 
heating 

TAw  =*  adiabatic  wall  temperature 

o » modified  Stefan-Boltzman  constant 
( * 0.1 73  x lO^Btu/ft*”  hr  - ®R4) 

Sj-  ■ projected  surface  area  radiating  to  space 

e * emmissivity  of  material  for  long  wave- 
length radiation 

For  calculation  of  the  instantaneous  material  temper- 
ature, the  following  must  be  known  at  each  point  of 
the  trajectory. 

The  local  heat  transfer  coefficient 
The  surface  emittance 
The  thermal  diffusivity  of  the  material 
Temperature-time  histories  may  be  computed  using 
the  assumption  of  infinite  object  thermal  conductiv- 
ity coupled  to  the  total  capacity  of  the  canopy  as  a 
heat  sink*34.  For  this  purpose  the  simplified  heat 
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Figure  7.23  Flow  Field  of  Supersonic  Drogue  tor 
Dynamic  Heating  Analysis 

balance  equation  is  rewritten 

(heat  in)  - (heat  out)  = (heat  stored) 

"S,  (Taw-  Te)  - oS3eT/  =pmVm  Cpm  <d?/dt)7A  10 

The  recovery  or  adiabatic  wall  temperature  is  close  to 
the  free-stream  total  temperature  through  the  rela- 
tionship 

TAw rr„  - { I + bMj  (y-  1)/2V  7-11 1 ' 

[1+Mj(y-  11/2] 

because  values  of  the  recovery  factor  fall  between 
0.85  « P*  = b (laminair)  7-112 

b (turbulent)  = Pr1/3  **  0.90 

except  that  Pr  applies  only  to  locations  on  flat 
plates  beyond  the  transition  region  and  not  to  other 
geometries535 

Equation  7-109  written  as 

t»4/<taw-  V - 'tote)  (s,/s3) 

is  a convenient  form  for  solution  by  trial  and  error. 
However,  the  following  method  may  be  used  to  ob,- 
tain'an  explicite  solution  for 


T,  «*[-/*  *(L-2(L-m/L *))*] 
where 

L «f-£-  *[2L  +“jL  M + 

t"L-t”L+*2?\*\U3 

l 3 '4  27  ‘ ‘ 


7-113 


m " (H/oe)  (Sf/S3) 

n - (H/oe)  (Sf/SjJ  TAW 

A source  of  uncertainty  in  equations  7-109  and 
7-110  lies  in  the  evaluation  of  the  convective  heat 
transfer  coefficient,  H In  dimensionless  form  the 
convective  heat  f'ux  is  characterized  by  the  Nusselt 


number  which  is  a function  of  the  following  para- 
meters 

Nu  = Hl/K  = f(Rv  M.  Pr  Tw/Tg . 7-114 

geometry) 

where  / is  a characteristic  length  of  the  surface  ele- 
ment, as  in  Re,  parallel  to  the  flow,  and  K is  the 
thermal  conductivity  of  the  fluid. 

From  the  standpoint  of  boundary  layer  growth  the 
canopy  skirt  is  best  simulated  by  the  turbulent-flow 
flat-plate  model.  In  a woven  mesh  the  characteristic 
length  is  provided  by  the  size  of  the  element  treated 
as  the  diameter  of  a cylinder.  Such  dimensions  range 
from  / * 0.004  to  0.050  inches,  while  heavily  coated 
yarns,  netting  cords,  or  their  equivalents  may  extend 
this  range  to  / = 0.25  inches  diameter.  The  conical 
surface  of  the  Ballute  represents  a much  larger  scale, 
the  characteristic  length  being  commensurate  with  Dp. 
The  flat  ribbon  grid  normal  to  the  flow  does  not  fit 
the  direct  boundary  layer  convective  heating  concept 
and  so  merits  a different  approach.  Thus,  for  geo- 
metrical reasons  alone,  H must  vary  widely. 

Because  the  flow  conditions  causing  aerodynamic 
heating  usually  produce  super-cricital  pressure  ratios, 
sonic  flow  velocities  probably  exist  in  the  "nozzle- 
throats"  of  the  porous  surface.  With  this  assumption, 
a unit  "sonic"  Reynolds  number  may  be  defined  for 
such  nozzles  as 


Mach  No.  (Pel  534) 
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R\A  - P'c'/n'  7-115 

which,  calculated  for  a normal  shock  compression 
and  isentropic  expansion  startinq  with  stanaard  at- 
mospheric properties,  provides  a criterion  of  how  H 
may  vary  with  speed  and  altitude,  as  shown  in  Figure 
7.24.  The  broken  line  for  a theoretical  stagnation 
temperature  of  T0  * 1000° F illustrates  the  heat  trans- 
fer problem  in  relation  to  flight  speed  or  Mach  num- 
ber at  Station  (1)  in  Figure  7.24.  Since  the  analysis 
in  Reference  534  did  not  consider  the  presence  of  a 
forebody  wake  and  corresponding  modifications  of 
the  canopy  shock  wave,  the  heat  flow  parameters  at 
Station  (1)  are  free  stream  (trajectory)  values.  For 
calculation  of  wake  flow  conditions  for  canopies 
operating  in  body  wake  a flow  field  analysis  (see  page 
373  ) should  be  accomplished  to  define  flow  para- 
meters at  this  location.  Because  measured  stagnation 
temperatures  are  substantially  less  than  calculated 
and  material  temperatures  are  only  small  fractions  of 
the  regime  to  the  left  of  this  boundary  represents 
the  approximate  operational  envelope  for  all  types  of 
drogues  fabricated  from  nylon  and  polyester  textiles 
which  are  subject  to  a heat  pulse,  the  regime  to  the 
right  of  the  boundary  is  the  one  for  which  thermo- 
dynamic analysis  would  be  advisable  for  determina- 
tion of  probable  material  temperatures. 

It  will  be  recognized  that  the  velocity  of  sound  in 
the  quasi-nozzle  throats,  is  a function  of  both  the 
composition  and  temperature  of  the  airflow  there  and 
that  the  effect  of  temperature  variations  from  the 
idealized  conditions  would  change  the  slopes  of  the 
altitude  profiles  of  R^/l  vs  M in  Figure  7.24.  Similar 
charts  may  be  constructed  for  other  planetary  atmos- 
pheres as  the  data  from  space-probes  and  other  sources 
accumulate. 

The  upstream  flow  Mach  number  M,  in  the  body 
wake  has  only  an  indirect  influence  of  the  heat  trans- 
fer to  the  fabric  surface  elements  in  the  determina- 
tion of  temperature  and  pressure  both  inside  and  be- 
hind the  canopy.  For  the  flow  and  heat  transfer 
around  the  surface  elements,  the  local  static  pressure 
ratio  across  the  canopy  surface  elements,  P3/P4  is  a 
more  suitable  parameter. 

Values  for  this  pressure  ratio  may  be  established 
experimentally53^  analytically  using  the  theory  dis- 
cussed on  page  375 

The  Prandtl  number,  under  normal  atmospheric 
conditions,  has  a value 

Pr»  Cpti/K  *0.7  7-116 

and  may  vary  no  more  than  ±10  percent  at  tempera- 
tures up  to  6,000°R.  Thus,  for  practical  purposes,  Pr 
may  be  considered  nearly  constant  for  air  at  all  flight 
speeds  up  to  Mach  10. 

The  Knudsen  number  becomes  significant  when 


the  molecular  mean  free  path  is  large  relative  to  the 
scale  of  the  process.  For  the  boundary  layer  type  of 
flow,  the  transition  from  the  continuum  to  slip-flow 
regimes  occurs  when  the  molecular  mean  free  path, 
X,  reaches  some  fraction  of  the  boundary  layer  thick- 
ness a.  This  relationship  is  expressed  by  the  ratio 

Kn='KA=M2/Re  7-117, 

The  observed  limit  of  continuum  boundary  layer 
flow®iS  Kn  < 0.01  and  the  slip-flow  transition  to 
free  molecule  flow  is  considered  to  extend  from  *n- 
icr*  to  10T2 . The  conditions  under  which  the  con- 
tinuum model  of  flow  first  fails  is  called  s/ipflow  be- 
cause it  may  be  analyzed  by  assigning  temperature 
and  velocity  "slip"  at  fluid-solid  interfaces. 

In  Reference  534  the  critical  Knudsen  number  is 
taken  as  the  mean  value 

f^/Rg  « ior3 

by  which  the  corresponding  “critical"  Reynolds  num- 
ber is  simply 

R.„*  1000M*  7-118 

C 

Then,  as  a minimum,  the  value  for  continuum  flow 
conditions,  through  porous  meshes  at  M « 1.0  would 
be  R,c  - 1000,  01  in  Fig.  7 23  for  / = 0 25  to  0.004 
inches 

Ryi*  4.8  x 10*  to  3.0  x 1(f 

The  corresponding  transition  altitude  limits  are  rough- 
ly 140  thousand  feet  for  the  coarse  heavy  mesh  and 
40  thousand  feet  for  the  fine  mesh. 

Applied  to  a 5 ft  Dp  Ballute  deployed  at  velocities 
such  that  the  local  Mach  number  M'  * 5 to  10,  the 
critical  Reynolds  number  is 

R,c  - 2.5  <x  10*  to  10s 
Since  it  is  reasonable  to  write 

/?;//  - Rg/IM'  7-1 19 

the  equivalent  values  in  Fig.  7.25  are  approximately 
R'g/I’  Rec/5M'-  103  to  2x  1(P 

and  the  transition  altitudes  are  well  over  200.000  ft. 

Thus,  the  assumption  of  continuum  flow  condi- 
tions for  most  Ballute  applications  appears  reasonable 
but  slip-flow  conditions  may  apply  to  some  applica- 
tions of  supersonx  drogues  with  mesh  roofs.  Drogues 
with  flat  ribbon  grids  in  the  roof  area  and  / > 0.25 
inches  presumably  would  experience  the  transition 
from  continuum  flow  to  slip-flow  conditions  at  alti- 
tudes greater  than  140,000  feet,  but  it  is  doubtful 
that  boundary  layer  growth  in  orifices  of  small  length 
to  diameter  ratio  would  be  significant. 

The  low  velocity  high  pressure  flow  over  the  up- 
stream face  of  a ribbon  grid  appears  analogous  to  that 
in  a viscous  boundary  layer  and  it  would  therefore  be 
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reasonable  to  use  Reynolds  and  Nusselt  numbers 
based  on  the  ribbon  width.  From  this  quasi-stagnant 
reservoir  in  the  canopy  the  hot  compressed  air  ex- 
pands and  accelerates  through  the  sharp-edged  ori-. 
fices  comprising  the  inter-ribbon  slots,  presumably 
separating  from  the  lip  and  contracting  somewhat 
until  sonic  velocity  is  reached  a short  distance  behind 
the  surface.  At  the  separation  point  on  the  lip,  the 
radius  of  which  would  be  relatively  small,  viscous  dis- 
sipation could  be  a significant  factor  in  the  heat  trans- 
fer equation,  and  consequently  maximum  tempera- 
tures may  occur  on  the  edges  of  the  ribbons. 

Scott  and  Eckert^describe  this 'process  in  greater 
detail.  Experiments  were  performed  to  determine  the 
inter-relationships  between  R Nu  and  P3/P4.  with 
Nu  based  on  the  stagnation  conditions  of  the  ap- 
proaching flow  behind  a normal  shock 

Nu  * H!/K0  * \q/(Tm-Twi]U/K0)  7-120 

where  K0  is  the  thermal  conductivity  of  the  air  at  the 
stagnation  temperature. 

The  measured  pressure  distribution  across  the  up- 
stream face  of  a ribbon  was  quite  uniform,  being 
within  one  percent  of  the  stagnation  pressure  for  all 
Reynolds  numbers  up  tc  R*e  * 8.4  x 1(f.  Average 
values  of  the  Nusselt  numbers  across  the  upstream 
and  downstream  faces  o-  the  ribbons  were  evaluated 
as  a function  of  R"e  and  combined  with  similar  data 
from  other  sources  in  Figures  7.25  and  7.28.  The 
measured  distribution  of  heat  transfer  coefficients  is 
shown  in  Figure  7.27.  It  will  be  noted  that  the  ratio 
H/H$t  increases  rapidly  toward  the  edges  of  the  rib- 
bon in  a way  that  varies  sharply  with  R*e.  The  varia- 
tion of  R*e  is  shown  in  Figure  7.28.  These  correla- 
tions make  it  possible  to  estimate  a value  of  H for  the 
calculation  of  the  probable  maximum  material  tem- 
perature in  a ribbon  grid  subject  to  a transient  heat 
pulse  characteristic  of  the  . typical  supersonic  drogue 
operation.  The  more  complex  considerations  rela- 
ting to  conditions  where  aerodynamic  heating  may  be 
sustained  long  enough  for  thermal  equilibrium  to  be 
approached  are  given  full  treatment  in  Reference  536 
Under  equilibrium  conditions  the  maximum  tempera- 
ture is  expected  to  be  in  the  center  of  the  ribbons 
rather  than  at  the  edges. 

The  Disk-Gap-8and  Canopy  in  Low  Density  Environ- 
ment. 

Gillis488  reports  that  a 40  ft  D0  disk-gap-band 
canopy  sustained  extensive  damage  from  aerodynam- 
ic heating  after  deployment  at  Mach  3.31  and  an  alti- 
tude over  100,000  feet.  A post-flight  examination  of 
the  parachute  revealed  that  the  heating  damage  had 
originated  in  the  stagnation  region  of  the  crown  rath- 
er than  on  the  skirt  hem,  as  a previous  heating  analy- 
sis had  predicted.  This  finding  motivated  develop- 


ment by  Bobbit^of  an  analytical  method  for  pre- 
dicting the  aerodynamic  heating  at  the  flow  stagna- 
tion line.  Equilibrium  surface  temperatures  calcula- 
ted by  this  method  are  plotted  in  Figure  7.29  for  two 
different  flight  tests  of  the  parachute  at  high  altitudes 
where  the  dynamic  pressure  was  in  the  order  of  9 to 
12  psf.  The  results  suggest  that  the  observed  failure 
of  the  polyester  canopy  could  have  been  predicted. 


The  Ballute  in  the  Wake  of  an  Axi-Symmetric  Body 

Calculation  of  Ballute  material  temperatures  gen- 
erated by  a transient  dynamic  heat  pulse  is  complica- 
ted by  towing  body  wake  effects  that  cannot  be  neg- 
lected, as  was  done  in  the  analysis  of  drogue  para- 
chutes. Because,  as  indicated  in  Reference2l5  a vis- 
cous turbulent  cylindrical  wake  between  the  two 
bodies  would  be  approximately  twice  the  diameter  of 
a laminar  type  wake,  it  was  necessary  to  establish  a 
criterion  to  indicate  whether  the  wake  would  be  lam- 
inar or  turbulent.  One  approach  is  to  test  the  bound- 
ary layer  on  the  towing  body.  If  this  boundary  layer 
is  turbulent,  the  cylindrical  wake  will  be  turbulent. 
The  boundary  layer  transition  from  laminar  to  turbu- 
lent was  assumed  to  occur  in  the  customary  Reynolds 
number  range  of  R9g  » 400  to  600,  when  the  follow- 
ing equation  is  used 

= Pj  vj/^  * 0.695  (pwM„/prHt )°' ' 14 
tp^/Hi™  7121 


where  5 is  the  momentum  thickness. 

When  the  above  criterion  indicates  laminar  flow,  a 
transition  analysis  may  be  performed  to  determine  its 
state.  In  the  absence  of  wake  transition  data  for  the 
flow  between  two  bodies,  free  wake  data  may  be 
used.  This  entails  evaluation  of  the  following  wake 
transition  parameter 


(MJMJ2  - (p^v^k'/pJ 

OO 


7-122 


where  * denotes  a transition  value.  The  wake  transi- 
tion parameter  as  evaluated  for  Ballute  flight  test 
TB-4  is  shown  in  F igure  7.30. 

For  a laminary  boundary  layer,  the  heat  transfer 
coefficient  on  the  Ballute  surface  was 


H/Hc  - (pVp^MrVDJ  (xVDJ0  5/ 

p p 7-123 

s/3(pc/pJ0  S [f0tp'/°£)  I r'/DpI2 a(x'/Op)] 

where  c denotes  "cone",  and  the  prime  indicates 
properties  evaluated  fro  conditions  existing  at  the 
edge  of  the  boundary  layer  and  at  the  particular 
station  under  consideration.  Given  the  flow  proper- 
ties of  the  wake  and  dimensions  of  the  Ballut'V  the 
pressure  distribution  over  the  surface  may  be  calcula- 
ted by  the  tangent-cone  method  since  the  flow  prop- 
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Figure  7.25  Experimental  Heat  Transfer  Results  I Upstream ) for  Parachute  Ribbon  Grids 


Figure  7. 26  Comparison  of  Upstream  and  Downstream  Experimental  Heat  Transfer  Results 
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Figure  7.27  Distribution  of  Heat  Transfer  Coeffi  - 
dents  on  Upstream  Side  of  Ribbon  Grid 
(Ref.  536) 


Time  After  Deployment  (Sec) 

Figure  7.2S  Calculated  Temperatures  in  Crown  of 
40  Ft  D0  L 
(Ref.  486) 
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Figure  7.28  Stagnation  Point  Heat  Transfer  to  Ribbon  Grid 
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Figure  7.30  Unified  Wake  Transition  Criterion  for 
Ballute  Flight  Test  TB-4  (Ref.  215) 

erties  of  the  wake  and  the  geometry  of  the  decelera- 
tor  are  known  (see  Fig.  7.31). 

For  a turbulent  boundary  layer,  the  heat'  transfer 
distribution  over  the  Ballute  surface  was  calculated 
qw  - 0.0296 p'u'(Q,-Qw)l  7.124 

fp*  u'x/p  V0  3 Pr2/3 

Where  the  starred  quantities  must  be  evaluated  using 
the  local  pressure  and  the  reference  enthalpy 

Q'-Q'  + 0.45(QW-Q’)  +0.20(Q’Avr  O')  7-125 

As  in  the  laminar  flow  case,  evaluation  of  the  turbu- 
lent flow  heat  flux  rates  depends  upon  the  properties 
of  the  wake  flow  found  "ahead  of  the  Ballute.  Some 
simplification  of  method  is  realized  by  confining  the 
investigation  to  determination  of  the  maximum  tem- 
perature rise  in  the  decelerator  material  during  flight 
along  a prescribed  trajectory.  Equations  7-124  and 
7-125  were  used. 

The  local  surface  Mach  number,  M’,  was  assumed 
to  result  from  flow  crossing  an  oblique  shock  at  Mach 
number  Me,  as  was  suggested  in  Fig.  7.31.  Empirical 
data  on  Ballute  pressure  distributions  support  a 
method  of  estimating  the  location  and  value  of  the 
peak  pressure  coefficient.  Application  of  the  method 
to  the  conditions  of  Ballute  Test  TB-4  is  illustrated  in 
Figure  7.32.  The  Ballute  was  treated  as  a slab  of  low 
thermal  conductivity.  For  these  arid  other  details  of 
the  analysis, pee  ReferenceJis and  supporting  Refer- 


ences 222  and  539  - 541. 

The  cold  wall  heat  flux  rates  calculated  for  Ballute  • 
Test  TB-4  are  plotted  in  Figure  7.33.  A comparison 
of  calculated  and  measured  material  temperatures  is 
presented  in  Figure  6.92. 

WAKE  FLOW  CHARACTERISTICS 

The  drag  and  stability  of  drogue-type  decelerators 
are  strongly  influenced  by  the  character  of  the  wake-  • 
flow  from  the  towing  body  impinging  on  the  inflated 
canopy.  Supersonically,  aerodynamic  heating  of  the 
structure  also  depends  on  the  way  in  which  the  body 
wake  modifies  the  flow  about  the  decelerator.  Be- 
cause of  the  marked  differences  between  subsonic 
and  supersonic  wake-flow  phenomena,  the  two  sub- 
jects are  treated  separately. 

Subsonic  Wake  - 

As  shown  by  empirical  data  in  Chapter  6,  the  body 
towing  the  decelerator  imparts  momentum  to  the  air 
and  the  resultant  disturbance  has  a characteristic 
velocity  distribution  across  a plane  normal,  to  the 
flight  path  (Fig.  6.41).  A v being  a maximum  on  the 
wake  centerline.  The  wake,  a turbulent  core  of  a dia- 
meter proportional  to  the  size  and  shape  of  the  body, 
is  symmetrical  about  the  axis  of  bodies  of  revolution 
at  a*0,  and  becomes  assymetric  when  the  body  shape 
attitude,  or  angle  of  attack  induces  a side  or  lift-force 
component.  Downstream  the  disturbed 

air  progressively  mixes  with  the  ambient  air  mass,  the 
wake  becomes  broader  and  slower  (Fig.  6.44)  and 
gradually  returns  to  normal,  as  shed  vortices  dissipate 
their  acquired  energy  in  frictional  heat. 

Consequently,  a towed  decelerator  experiences  a 
reduction  in  the  average  impact  pressure  across  the 
canopy,  along  with  a change  in  the  distribution  of  bp, 
which  for  a given  body  is  inversely  proportional  to 
the  relative  sizes,  Op/dp,  and  trailing  distance,  lT/d 
The  relative  change  in  differential-  pressure  is  deter- 
mined by  the  square  of  the  velocity  ratio  (v-'/v)2  and 
also  may  be  represented  by  a fictitious  -e  drag 1 
coefficient  as  in  Fig.  6.43  for  different  diar.  cer  ratios 
and  trailing  distances.  Thus,  in  order  tc  determine 
the  proper  size  of  the  decelerator  and  th°  length  of  its 
riser,  it  is  desirable  to  be  able  to  predict  the  bp  that 
will  be  felt  by  each  element  of  the  canopy  at  any 
given  trailing  distance.  The  subsonic  wake  flow  prob-  • 
lem  takes  its  simplest  form  for  a body  of  revolution 
at  zero  angle  of  attack  with  no  trailing  decelerator. 
Empirical  data,  such  as  the  small  model  wind-tunnel 
test  measurements  plotted  in  Fig.  6.35,  indicate  that 
introduction  of  the  decelerator  into  the  body  wake 
likely  has  a negligible  effect  on  the  upstream  velocity, 
so  that  solution  of  the  bare  body  problem  may  yield 
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useful  results  of  more  Thao  academic  interest 

The  following  soiubcr  for  the  velocity  distribu- 
tion in  the  wake  of  bodies  of  'evolution  was  deveioo- 
ed  by  Heinrich  and  Edcstrom41® 

-(2r/dh)2 

Ay*  a* 0.425  kJ2  lM/db)2n  7-126 


vw  • mean  waf  e velocity  m jr  direction  at  r 

a*  * centerline  velocity  increment  coeffu 
cient 

r » radial  distance  from  wake  centerline 

» wane  width  coefficient  for  r • rw 
where  A*r*/Ay*  (max)  « 0.10 

m » center  line  velocity  increment  expo- 
‘ nent 

n * wake  width  exponent 

It  was  s’ios  n that  the  constant  coefficients  and 
exponents  were  function*  of  the  body  drag  coeffi- 
cient. and  the  test  data  presented  justified  use  of  the 
following  relationships  m the  ’egion  between  x/d^  m 
2 to  20  wnen  Cq  < 1 1. 


Tfip  dimensionless  wake  width  is  2rm/db  m Kw(x/db)n 
A comparison  of  typical  experimental  and  theoret- 
ical results, is  shown  in  Fig  6.44.  the  hemispherical 
cup  representing  the  mam  canopy  ol  a tandem  para- 
chytf  system. 

In  order  to  use  these  empncat  relationships  to 
deter  nine  the  drag  of  a canopy  of  radius  'e/db  at  a 
povtion  x/dfi  in  the  bodv  wake,  if  is  necessary  to  de- 
termine the  average  dyn  jmic  pressure  across  the  cano- 
py At  any  radial  distance,  r,  the  dynamic  pressure 
ratio  is 

djd  - 7 127 

Smce  • 1 - (tx^M 

djq  • \i -<£»„*>]* 

and  the  average  dynamic  pressure  arting  on  the  rano- 
py  may  he  obtained  by  integrating  equation  7 127 
across  the  canopy  radius 

where  Atr*cV  if  the  function  of  t given  by  equation 
7 120  and  x/d^  >S  determined  hy  the  length  o<  the 


drogue  suspension  lines  plus  r.ser  '■?  q 6.601.  it  may 
be  assumed  that  the  wake  cog  mates  at  the  point  of 
major  flow  separation  or.  the  body. 

A similar  integration  was  cer*cm~ed®*^for  the 
velocity  distribution  equation  in  this  form 


TT  * UKi* 


K2(2t/db)‘ 


~(Cnt)n 


n - 1/3 


- 0.4 1 5 


*w 

- 0.42,°  99C° 

fw 

Kw 

- O.S4'°**Ct> 

9 

■ ■ where 

m 

- 0.85 

n 

- 0.1? 

The  diameter  of  the  wake.  Dw.  was  defined  by  the 
value  of  rat  any  x where g*/g » 0.89  Integration  of 
the  'velocity  distribution  over  the  inflated  canopy 
me  jth  resulted  m this  express  on  for  the  dynamic 
pressure  ratio 


°w  *t  r*1  K3  *1*3} 
T * i_--2  + ' (2--f  •'  7j 


, r 1 7-129 

k3  - (dp/dj2  /„  'K,/n-vinw\ 

k j 

A method  of  solving  equation  7-129  is  given  in  Fig- 
ure 7.34,  35  and  36. 

The  near-wake  of  bodies  lacking  rotational  sym- 
metry ,s  unsymmetncal.  but  if  the  body  lift  force 
component  is  small,  it  may  be  presumed  that  sym- 
metry of  wake  flow  down*, ’mam  wilt  improve  Thus, 
except  m extreme  cases  reasonable  solutions  of  equa 
lions  7-126  and  7-129  may  he  obtained  by  substitu- 
tion of  the  hydraulic  diameter  of  the  body  frontal 
area  for  d ^ 

Supersonic  Wake 

Th»  problem  of  determining  the  pressure  dumber 
bon  ,w*r  a deeper ator  immersed  in  a Supersonic  body 
weke  was  illustrated  in  the  preceding  section  related 
to  The  prediction  of  aerodynamic  heating  effects. 
The  presence  of  1*9  dm  iterator  alters  the  character  of 
the  upstream  flow  vgniticantly.  so  no  generalized 
wake  flow  solution  can  he  prevented  based  solely  on 
the  body  drag  coefficient  as  m the  subsonic  case 
(Inscribed  However.  HenkefrU  developed  a method 
of  predicting  the  boundary  layer  and  wake  character- 
•stirs  of  ax  1 symmetric  bodies  moving  at  supersonic 
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speed  based  on  the  body  geometry  and  free  stream 
coodibons.  The  method  is  applicable  to  axi-syrrmet- 
ric  or  two-dimensional  bodies  and  may  be  used  for 
approximating  the  flow  over  quasi-symmetric  bodies. 
Also  presented  is  a method  for  computing  the  drag 
of  Parasonic  drogues  using  the  wake  flow  field  imme- 
diately ahead  of  the  canopy  as  the  free-stream  con- 
ditions. 

Noreen,  Rust  and  Rao*33  developed  a method  for 
calculating  the  flow  field  characteristics  of  a body- 
decelerator  system  in  suoersonic  flow.  Two  separate 
flow  field  analyses  are  involved  ( 1 ) the  body  and  its 
wake  and  (2!  the  decelerator. 

The  body  and-  wake  analysis  (drawing  heavily  on 
the  work  presented  in  Reference  5«3)  examines  the 
flow  about  the  body  extending  axially  from  the  bow 
shock' downstream  to  the  secondary  tgody  bow  shock 
and  normally  from  the  surface  of  the  forebody  out- 
ward to  its  bow  shock.  The  analysis  assumes  that  the 
flow  conditions  upstream  of  the  body  are  uniform. 
The  body  and  wake  analysis  requires  the  following 
a.  freestream  conditions 
b body  geometry 
c bow  shock  and  standoff  distance 
In  addition  to  body  geometry  and  freestream  con- 
ditions, the  body  sub  routine  produces  the  calculated 
local  static  pressure,  total  pressure  and  Mach  number 
on  the  body  surface  at  various  axial  locations  and  on 
various  planes  containing,  and  rotated  about,  the  axis 
Since  the  flow  characteristics  at  the  base  of  the  body 
are  likely  to  be  affected  by  a possible  transition  into 
turbulence  on  the  body  surface,  the  transition  point 
location  on  the  body  surface  and  on  various  $ planes 
is  also  printed  out.  Reynold's  number,  based  on 
momentum  thickness,  inviscid  density,  local  mviscid 
velocity,  local  momentum  defect,  and  momentum 
thickness  at  the  base  for  different  0 planes,  is  provi- 
ded. Integration  of  the  local  momentum  defect 
around  the  surface  at  the  body  base  provi  les  the  total 
momentum  defect,  which  will  be  used  in  wake  com- 
putations. 

Wake  computations  begin  with  body  boundary 
layer  and  base  condition  inputs  The  program  selects 
either  laminar  or  turbulent  wake  conditions,  based  on 
the  transition  Reynold's  number,  and  pfints  out  the 
input  values  of  the  viscosity  model  At  every  !j/db 
location  behind  the  base  of  the  body  and  at  every 
iteration  of  wake  computation,  various  wake  geome- 
try and  flow  field  parameters  are  provided  for  either 
the  viscous  or  inviscid  wake 

Using  the  above  methods,  sample  calculations  were 
completed  for  a cone  cylinder  body  in  a supersonic 
flow  with  kl  • 2.98  and  a 80/ft  of  8 86  x 10*  The 
results  of  these  calculations  were  checked432  with 
wmd  tunnel  experiments  conducted  at  the  Rose- 
mount  Aeronautical  Laboratories.  University  of 


Minnesota,  at  the  Supersonic  Gas  Dynamics  Facility 
of  the  Flight  Dynamics  Laboratory  at  VVright-Patter- 
son  Air  Force  Base,  and  at  the  Arnold  Engineering 
Development  Center's  Von  Karman  Gas  Dynamics 
FaciFty.  Figure  7.37  shows  the  geometry  of  the 
body  and  the  two  sires  that  were  tested;  calculations 
were  made  for  the  db  * 2 inch  body. 
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Figure  7.37  Geometry  of  Bodies  Used  for  ’ 
Experiments 

The  analysis  used  for  the  decelerator  extends  axial- 
ly from  the  upstream  tip  of  the  decelerator  down- 
stream to  its  base.  The  wake  of  the  decelerator  is  not 
included  in  the  analysis.  Normal  to  the  axis  of  sym- 
metry, the  analysis  extends  from  the  decelerator  sur- 
face to  its  bow  shock  wave;  flow  field  characteristics 
outside  of  the  bow  shock  can  be  obtained  from  the 
wake  analysis  of  the  body. 

The  information  required  for  the  decelerator 
analysis  includes  the  upstream  flow  properties,  the 
pressure  and  temperature  distributions,  and  the  geo- 
metry of  the  decelerator.  The  upstream  flow  condi- 
tions can  either  be  calculated  using  the  primary  body 
analysis  6r  input  to  the  Ciogram.  In  order  to  obtain  a 
pressure  drag  cpeff'-ient  the  base  pressure  of  the 
body  must  be  retained.  The  method  calculates  all 
the  flow  properties  from  the  decelerator  Surface  to 
the  shock  wove.  Thus,  the  shock  shape,  surface  pres- 
sures, and  pressure  drag  are  obtained. 

In  order  to  predict  the  flow  field  surrounding  an 
aerodynamic  decelerator  in  the  wake  of  a body,  sev- 
eral assumptions  and  restrictions  have  been  made; 

1.  the  flow  is  inviscid  and  steady 

2.  the  gas  is  thermally  and  calorically  perfect 

3.  the  flow  is  supersonic  everywhere  in  the  re- 
gion of  interest 

4.  the  wake  flow  field  is  known,  either  from 
theory  or  experiment 

The  first  three  assumptions  permit  one  to  develop 
a method  of  characteristics  for  rotational,  non  hoiho- 
energic  flow.  The  fourth  assumption  establishes  an 
effective  "upstream"  boundary  condition  for  the 
problem. 
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A primary  and  obvious  limitation  of  this  decelera- 
tor  flow  field  analysis  is  that,  since  a characteristic 
method  is  used,  it  is  limited  to  supersonic  velocities. 
The  most  important  implications  of  this  fact  are  that 
the  decelerator  must  have  an  attached  bow  shock  and 
the  analysis  will  only  extend  to  the  sonic  line.  Al- 
though this  limitation  is,  in  a certain  sense,  severe, 
there  is  yet  a iarge  number  of  bodies  to  which  the 
method  will  apply. 

A second  limitation  of  the  method  is  that  the 
wake  of  the  secondary  body  is  not  analysed.  The 
result  of  this  is  that  base  pressure  must  be  obtained 
from  another  source  to  obtain  a complete  pressure 
distribution  for  a drag  coefficient  calculation. 

Two  main  assumptions  are  made  in  using  the 
method:  first,  it  is  assumed  that  a boundary  layer 
analysis  is  not  needed  to  obtain  the  desired  results, 
and  second,  that  a reasonable  sized  decelerator  tow 
line  will  not  invalidate  the  calculation  with  an  attach- 
ed'shock. 

A detailed  discussion  of  the  computation  in  the 
shock  layer  flow  field,  such  as  the  location  of  the 
shock  points,  net  points,  body  points,  and  the  prop- 
erties along  an  initial  right-running  characteristic,  is 
presented  in  Reference  432. 

In  order  to  check  the  results  of  a sample  calcula- 
tion using  the  analysis,  experiments  were  conducted 
tc  measure  decelerator  (30°  half -angle  cone)  bow 
shock  shape  sind  surface  pressure  distribution.  These 
tests  were  conducted  at  the  University  pf  Minnesota's 
Rosemount  Aeronautical  Laboratories  in  a 12  in.  x 
12  in.  blow-downwind  tunnel  at  Mm  3.0  The  results 
presented  in  Reference  432  produced  differences 
between  calculated  and  measured  values  on  the  order 
of  10  percent. 

STABILITY 

77i«  analytical  treatment  of  decelerator  system 
stability,  beginning  with  parachute  stability,  depends 
upon  empirical  coefficients  which  traditionally  have 
been  obtained  from  wind  tunnel  tests.  In  free  flight 
the  instability  of  the  body -decelerator  system  is  evi- 
denced by  various  types  of  angular  deflections,  rela- 
tive to  reference  axes,  which  vary  in  amplitude  and. 
vdien  periodic,  in  frequency.  Dynamic  stability  of  a 
system  is  evidenced  by  the  amplitude  history  of  the 
oscillations,  in  particular,  following  a disturbance  or 
perturbation  of  system  motion.  This  makes  the 
motion  of  a decelerator  system  during  steady  descent, 
where  external  disturbances  can  be  strong,  highly 
variable  in  character  when  static  stability  it  poor,  as  it 
is  with  the  typical  parachute. 

On  the  other  hand,  the  flight  stability  of  drogue 
decelerator  systems  is  quite  repeatable  and  fairly  pre- 
dictable on  the  basis  of  wind-tunnel  test  results  when 


the  effect  of  the  constraints  imposed  on  the  wind 
tunnel  models  can  be  identified  Viscoelasticity  and 
flexibility  of  decelerator  structures,  coupled  with  the 
variable  porosity  of  the  canopies,  makes  their  treat- 
ment in  terms  of  classical  rigid-body  aerodynaniic 
analysis,  an  inexact  process  at  best.  However,  the 
economics  of  decelerator  testing  in  general  makes  it 
desirable  to  team  as  much  as  possible  from  wind 
tunnel  tests,  or  from  model  towing  tests  when  the 
latter  are  less  costly  than  free  flight  tests  by  an  ade- 
quate margin. 

Typical  examples  of  parachute  oscillatory  motions 
predicted  for  different  disturbances  by  the  methods 
presented  in  References  482  and  544  ere  shown  in 
Figures  7.38  and  7.39. 

Drogue-Body  Systems 

As  suggested  by  Fig.  6. 74  , the  motion  of  the  un- 
stable drogue  system  may  be  significantly  different 
from  that  of  the  unstable  descent  system,  particularly 
when  the  body  wake  largely  envelopes  the  canopy. 
The  effect  of  down  wash  due  to  body  lift,  as  noted  in 
Chapter  6,  is  to  reduce  the  average  angle  of  attack,  a'. 
of  the  canopy  to  the  relative  air  flow.  Since  the 
drogue  system  center  of  gravity  is  virtually  coincident 
with  the  body  center  of  gravity,  a wind-tunnel  mount- 
ing trunnion  placed  at  that  point  affords  good  dy- 
namic similitude.  This  approach  has  been  widely 
used  for  the  evaluation  of  both  the  static  stability  and 
dynamic  stability  of  drogue-body  and  bomb  stabi  iza- 
tion  systems  in  the  wind  funnel. 

Statically,  the  system  restoring  moment  is  meas- 
ured as  a function  of  a^,.  the  body  angle  of  attack. 
To  the  extent  that  tne  drogue  follows  the  body 
motion  as  c^,  varies  and  remains  on  the  longitudinal 
axis  of  the  body  without  axial  pulsing,  the  system 
may  be  treated  as  a rigid  body  roughly  analogous  to 
the  flared  cone-cylinder  configuration.  • .This  may 
hold  for  angles  as  large  as  ab  - 1 0 degrees.  However, 
this  analogy  is  likely  to  break  down  for  bluff  bodies 
that  develop  little  lift,  such  as  an  ejection  seat,  and 
for  systems  in  which  the  drogue  is  large  relative  to  the 
frontal  area  of  the  body.  Then  the  drogue  tends  to 
trail  directly  downstream  and  body  deflections  are 
resisted  by  the  drag  moment  of  the  canopy.  Fcr  the 
latter  configuration  the  limiting  case  is  represented  by 
a te.thered  parachute  with  negligible  wake  flow  from 
the  upstream  mount,  corresponding  to  a free  system 
in  which  the  body  is  very  slender  yet  massive.  The 
aircraft  deceleration  parachute  may  fall  in  this  latter 
category,  for  which  the  empirical  data  on  Cy  vs  a 
given  in  Fig.  6.72  would  be  pertinent  to  any  deflec- 
tion of  the  parachute  axis  from  the  relative  wind  axis. 
The,  motion  during  free  flight  and  steady  descent  is 
usually  less  critical  except  for  the  special  case  of  the 
reefed  canopy,  which  generally  functions  as  an  effec- 


378 


1 


t-0*7* 

1 

• 20  40  60 

vw. 

a!  Computer  Solutions  for  1 • 1 0 ° and  20 • Pitch 
Displacements  of  the  Stsbl e System 


bl  Response  of  the  Unstable  System  toe  I • Pitch 
Displacement 


c)  Stable  System  Response  to  1 • and  40  - 
Lateral  Displacements 


Figure  7. 38  Dynamic  Stability  of  Descending 
Parachute  (Ref.  482) 


«)  Main  Parachute  - SR  B Retponee  to  a 20-Dag  b>  Main  Parachute  - SRB  Angle  of  Attack  Reepome  to  a 

Pendulum  Oitturtoence  IX-SRB,  2-Sac  Interval!)  20-Dej  Pendulum  Ddtrubence  (X-SRB,  2-Sac  Interval!) 


Figure  7.39  Typical  Parachute  Dynamic  Stability  Prediction  (Shuttle  Booster  Recovery  System  (Ref.  515 ) 
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tive  drag  stahTizer  because  of  its  long  relative  towing 
distance  anr  legligible  added  air  mass. 

Systems  in  i ?eady  Descent 

The  gene  alized  canopy  of  Fig.  6.33  develops  an 
aerodynamic  force,  represented  by  the  vector  F , the 
direction  of  which  changes  as  the  relative  airflow  over 
the  canopy  < hanges.  In  three  dimensions  the  airflow 
separates  at  the  canopy  lip  erratically  at  various 
points  around  the  periphery  and  eddies  into  a number 
of  attached  vortices  which  grow  to  some  characteris- 
tic size  and  energy  before  being  shed  into  the  turbu- 
lent wake.  Most  circular  canopies  have  no  surface 
feature  that  would  stabilize  this  flow  pattern  and 
either  prevent  unsymmetrica'  growth  and  separation 
of  the  vortices  or  cause  them  to  remain  attached  in 
contrarotating  pairs.  Consequently,  with  parachute 
axis  constrained  by  the  suspended  weight  moment  to 
a small  angle  of  attack,  the  aerodynamic  force  vector 
of  such  canopies  is  constantly  shifting  in  direction 
with  varying  degrees  of  randomness,  and  being  unable 
to  enter  a stable  glide,  the  system  oscillates  instead. 
However,  it  has  been  observed  that  a large  enough 
angular  deflection  can  throw  the  system  into  a steady 
coning  motion,  which  may  be  viewed  as  a stable  glide 
in  a tight  spiral. 

The  differences  found  between  different  types  of 
circular  parachutes  is  reflected  by  the  way  in  which 
the  moment  generated  by  the  shifting  aerodynamic 
force  varies  with  the  angle  of  attack  of  the  canopy 
(see  Figures  6.72  and  6.73)  The  angle  of  attack  at 
which  dCM/da  changes  sign  and  produces  a restoring 
moment  with  further  angular  displacement  is  identi- 
fied4 as  the  stable  glide  angle  aQ.  At  this  angle  of 
attack  the  canopy  is  statically  stable,  and  when  a 
suitable  structural  dissymmetry  is  introduced,  the 
parachute  is  able  to  take  on  a stable  glide.  A stable 
flow  pattern  over  the  canopy  is  then  established 
which  may  be  likened  to  that  over  a thick  wing  of 
low  aspect  ratio  with  attached  tip  vortices.  Since' the 
angle  of  attack  ranges  from  a m 35  to  IS  degrees,  such 
a wing  must  be  gliding  in  a stalled  condition,  and 
transverse  oscillations  remain  potential  in  the  opera- 
tion, 

Dynamic  Stability  of  Gliding  Systems.  The  dynam- 
ic stability  of  a descending  system  gliding  steadily 
with  the  canopy  at  Og  was  the  subject  of  a three-di- 
mensional analysis  by  White  and  Wolf48'4 

System  geometry  and  coordinate  systems  used  are 
shown  in  Figure  7 40.  The  following  simplifying  as- 
sumptions were  made 

The  system  consists  of  an  axi-symmetric  parachute 
rigidly  connected  to  a neutral  body. 

The  aerodynamic  force  and  hydraulic  inertia  of 
the  body  are  negligible. 


There  are  five  degrees-of-freedom,  with  the  roll  of 
the  parachute  about  its  axis  of  symmetry  being 
ignored. 


Figure  7.40  Parachute  System  Geometry  and 
Coordinate  System 

The  added  air  mass  and  apparent  moment  of  iner- 
tia tensors  of  the  canopy  may  be  approximated  by 
single  scalar  values  (m#  IgJ. 

The  aerodynamic  forces  may  be  treated  as  quasi- 
static  based  on  the  instantaneous  angle  of  attack 
of  the  canopy. 

The  canopy  center  of  pressure  lies  on  the  canopy 
^centroid. 

Flat  Earth  and  no  wind  conditions  prevail. 

A stability  criterion  for  small  disturbances  was  de- 
rived in  the  form  of  a set  of  linearized  equations  of 
motion  about  aQ.  They  show  the  longitudinal  and 
lateral  motions  to  be  uncoupled,  as  in  the  study  of 
aircraft  linearized  stability.  In  the  analysis,  a side 
force  coefficient  CN  is  used  which  vcies  with  a in  the 
same  way  that  Cu  varies,  the  quantitative  difference 
being  merely 

CN  - CM  (D/l)  7-130 

when  the  distance  between  the  canopy  center  of  pres- 
sure and  the  system  reference  point,  /,  is  different 
from  the  characteristic  diameter,  D,  as  is  usually  the 
case.  For  small  disturbances,  linear  variation  of  force 
coefficients  in  the  vicinity  of  ctg  is  assumed  as  shown 
in  Figure  7.41. 
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Figure  7.4 1 Typical  Variation  of  Parachute  Force 
Coefficients  with  a 

CN  * CNaa'  7-131 

CA  - CAo+CAaa'  7-132 

where  a’  “ Og-a 

A conservative  and  greatly  simplified  relationship  re- 
sults which  is  independent  of  Og  when  C^a  m 0. 
Given  small  disturbances,  this  is  quite  accurate  for  a 
number  of  different  canopies,  because  the  axial  force 
coefficient  CA  commonly  reaches  a flat  peak  at  aQ. 
While  ’he  parachute  may  be  statically  stable  at  aQ.  it 
can  also  be  dynamically  unstable  In  this  event  a given 
parachute,  when  subjected  to  a disturbance,  may  be 
unable  to  continue  gliding  and  instead  may  oscillate 
or  fall  into  i.  coning  motion. 

Dynamic  Stability  - Longitudinal  Motion.  Criteria 
for  dynamic  stability  are  used  to  define  a minimum 
value  of  C/ya  which  is  fairly  restrictive  and  difficult 
for  most  parachute  shapes  to  meet 

Cffa(min) m Cao[K1  * r^-Kr//  7-133 

[i(1*re)3*K\ 
where  CAo  » cA  at  dg 

i - Kr/d  * r/  * BjlDg/IJ3  /1 5 
rc  m (m/m,/  (1  +r  j + rt 
re  * t”a/(mc  *mb>"  2Bm(Do/H/ 
[3K-2Bm(D0/ll] 

K - CTo  Fr3/2  * (2Bn/3)  (D'/I) 

8/  - 60 1 / tip  D* 

Bm“  6m/npD03 

Fr3  - v03/g!  ("Descent"  and  Froude  No.) 


v0  = velocity  along  glide  path 

ma  = added  air  mass 

mc  m mass  of  parachute 

mfr  = mass  of  oody 

Ja  = apparent  moment  of  inertia  of 
parachute 

Dq/I  * parachute  slenderness  ratio 

■ th  CAo  -0.7  and CAa  * 0.  which  is  roughly  repre- 
sentative of  a canopy  with  15%,  evaluation  of 
C/va  (min)  as  a function  of  the  parachute  mass  ratio, 
mc/mt)  with  equation  7-133  plotted  in  Figure  7.42 
shows  the  general  effects  of  Froude  number  and 
slenderness  ratio  on  the  longitudinal  stability  of  the 
gliding  system.  The  curves  indicate  that  the  mini- 
mum C/Vq  required  for  dynamic  stability  is  improved 
i.e.,  becomes  smaller  and  so  less  difficult  to  satisfy 
with  small  parachute  mass  ratios  (m/m^  » 0.03  to 
0.05  is  representative  of  a broad  range  of  systems). 
Higher  mass  ratios  attended  by  a higher  stability 
criterion  would  represent  uncommon  systems  with 
very  heavy  canopies  relative  to  the  body  weight.  In- 
creasing the  descent  Froude  number  improves  stabil- 
ity directly  in  proportion  to  vD2  which  is  not  a prac- 
tical design  approach,  and  inversely  in  proportion  to 
the  system  length,  /,  which  is  countered  by  the  in- 
verse effect  of  the  increased  slenderness  ratio.  Con- 
sequently, the  minimum  value  of  the  dynamic  stabil- 
ity criterion  tends  to  be  fixed  by  the  system  perform- 
ance requirements  in  terms  of  the  deployment  and 
descent  velocities  which  work  together  to  determine 
mc/m, > and  Fr,  in  conjunction  with  a given  slender- 
ness ratio. 

A practical  range  of  slenderness  ratios,  D/l  » 0.5 
to  1.3  (approximately),  may  have  a significant  effect 
on  Cn o (min)  because,  as  noted,  common  values  of 
mc/mt)  are  small.  A typical  descent  Froude  number 
is  Fr 1 * 0.5  and,  with  descent  velocity  constant,  may 
be  varied  between  1 .0  and  .385  respectively  for  the 
changes  in  / indicated  by  the  slenderness  ratio  range. 
In  Fig.  7.42  it  will  be  seen  that  for  mc/mt}m0.03  to 
0.05  the  effect  on  C/ga  (min)  of  such  variations  is 
proportionately  greater  for  the  slenderness  ratio  than 
for  Fr1  and  so  would  not  cancel  each  other.  In  order 
to  maintain  good  stability  in  the  presence  of  small 
disturbances  the  slope  of  the  curve  dC/g/da  for  the 
canopy  selected  must  be  substantially  greater  than 
C/ga  (min). 

Latent  Motion.  The  criteria  developed  by  the 
foregoing  analysis  show  that  small  transverse  disturb- 
ances will  lead  to  neutrally  stable  oscillations,  provid- 
ed the  longitudinal  pitching  disturbances  also  are 
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Figure  7. 42  £ ffect  of  Froude  Number  and  Slender 

ness  Ratio  on  Stability  CA  * 0.7 
Zero  Porosity 

small.  Therefore,  it  may  be  concluded  that  a coning 
motion  of  an  otherwise  stable  system  cannot  be  in- 
duced by  a small  lateral  disturbance,  being  rather  a 
large  disturbance  phenomenon. 

Large  Disturbance  Analysis.  The  limitations  of  the 
linearized  analysis  were  circumvented  by  performing 
computer  solutions  of  the  equations  of  motion  using 
the  following  expressions  for  the  variation  of  the 
force  coefficients  with  angle  of  attack. 

The  parachute  characteristics  were  defined  by  rep- 
resentative values  of  CA,  CAaia0.  K,  i.  rc  and  rg.  as 
defined  above  for  equation  7-133  and  Cfta  (min)  was 
determined.  Values  of  C/ya  (min)  ± 57%  were  then 
used  in  computations  to  show  the  effects  of  disturb- 
ances of  various  amplitudes  on  the  dynamic  stability 
of  the  system  both  longitudinally  and  laterally. 

Longitudinal  Disturbances.  Longitudinal  disturb- 
ances of  i l/y  ■ 1°,  1(f , and  2(f  were  investigated 
using  C/ga  * C/Va  (min)  * 57%.  The  effects  on  the 
subsequent  pitch  oscillations,  4>y.  of  a typical  para- 
chute are  shown  in  Figure  7.38a,  The  complete  linear 
theory  predicts  an  exponential  damping  rate  of 
9-.0478t • with  a dominant  short  period  of  t„ * * 
13.03,  where  t*  m tv0/l.  The  10°  disturbance  damps 
out  at  a lesser  rate  than  the  1°  disturbance,  but  the 
20°  disturbance  triggers  a new  oscillation  mode  of 
large  amplitude  (±J5H  which  persists.  In  other  words 
after  the  small  disturbances,  the  system  was  able  to 


maintain  a stable  glide  at  aa,  but  the  large  disturb- 
ance was  sufficient  to  throw  the  canopy  to  the  nega- 
tive angle  of  attack  attitude  causing  C/ya  to  change 
sign.  This  would  normally  overcome  glide  and  pro- 
duce the  familiar  oscillating  descent  of  a statically  un- 
stable parachute. 

With  Cfja  = Cfga  (min)  - 57%  a disturbance  of 
ipy  -1°  was  sufficient  to  cause  the  system  motion  to 
diverge  to  a large  oscillation  amplitude  {±65°)  as 
shown  in  Figure  7.38b. 

Lateral  Disturbances.  Lateral  disturbances  of  \px  = 
1°  and  4(f  were  investigated  in  the  statically  stable 
system  as  shown  in  Figure  7.38c.  The  response  to  the 
1°  disturbances  was  a neutral  sinusoidal  motion  with 
a period  of  t*  * 35.2  in  agreement  with  the  linear 
theory.  The  induced  longitudinal  oscillation  was  neg- 
ligibly small.  In  contrast,  the  large  disturbance 
immediately  induced  a longitudinal  motion  of  com- 
parable magnitude  (a* 40 °).  Both  i py  and  i lsx  ap- 
proach stable  oscillations  of  ±38.7°,  with  lagging 
\l/x.  The  canopy  has  stopped  gliding  and  is  descend- 
ing vertically  with  the  body  following  a helical  path 
of  constant  radius,  a typical  coning  motion. 

In  Reference  479.  Wolf  extends  the  work  done  in 
Reference 482.  summarized  above,  to  embrace  a non- 
rigid  two-body  system  consisting  of  a rigid  parachute 
flexibly  connected  to  a rigid  body  with  a riser  of  fix- 
ed length. 

Elastic  Systems  with  Unsteady  Conditions 

The  non-linear  equations  of  motion  for  a general 
body  elastic  parachute  system  are  developed  by 
Ibrahim  and  Engdahl544.  The  mathematical  model  is 
characterized  by  a minimum  number  of  simplifying 


Figure  7.43  Drogue  Effect  Initial  Conditions 
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a)  Initial  Deployment  Conditions  for  SRB/Drogue  Com- 
bination 


b)  SRB  Coning  Angle  as  Reduced  by  the  Action  of  the 
Drogue  Parachute 


Figure  7.44  Predicted  Drogue  Effects  on  SRB  Motion 


assumptions  as  follows: 

The  parachute' is  axisymmetrit  with  canopy  of 
fixed  shape  and  elastic  suspension  lines. 

The  riser  is  elastic  and  transmits  only  axial 
forces  to  the  body 
The  body  is  rigid  and  axisymmetric 
The  aerodynamic  center  of  pressure  remain  on 
the  axes  of  symmetry  of  body  and  parachute 
and  are  independent  of  c.g.  locations 
The  energy  modification  of  the  air  mass  caused 
by  parachute  motion  is  represented  by  tensers 
of  apparent  mess  and  apparent  moment  of  iner- 
tia and  is  negligible  for  the  body  motion 
Body  wake  effects  on  the  main  parachute  are 
negligible 

A wind  velocity  field  and  a gust  velocity  field 
perturbation  >-epresent  the  unsteady  air  mass 
A flat  Earth  suffices  for  trajectory  computation 
The  parachute-riser  body  system  is  treated  as  a three- 
body  system  with  six  degrees  of  freedom.  Since  the 
riser  connects  the  parachute  to  the  body,  the  uncon- 
strained system  reduces  to  one  having  15  degrees  of 
freedom. 

Application  of  the  method  is  il.lustrated  with  an 
analysis  of  the  descent  dynamics  and  stability  charac- 
teristics of  both  the  drogue-stabilization  phase  and 
the  main  descent  phase  of  the  space  shuttle  solid 
rocket  booster'  recovery  system.  The  predicted 
effects  of  the  drogue  on  booster  motion  following 
deployment  at  the  initial  conditions  given  in  Figure 
7-43  are  plotted  as  a function  of  time  in  Figures 
7.44  <a.  b).  Typical  response  of  the  descending 
main  parachute  body  system  to  disturbances  in  both 
steady  and  unsteady  air  are  illustrated  in  Figure  7.45. 

High-Glide  System* 

The  development  of  analytical  methods  of  predict- 
ing the  static  and  dynamic  stability  characteristics  of 
high-glide  parachute  systems  was  first  undertaken 


b)  Mein  Parachute  - SRB  Reaponee  to  Non-Steady  Air  Maaa 

Figure  7. 45  Shuttle  Booster  (SRB)  Mein  Parachute 
Stability 


c)  System  Angle  of  Attack  Response  to  Non-Steady  Air  Mass 
Figure  7.45  Continued 


L/D 


Figure  7.46  Summary  of  Aerodynamics  of  St 


using  three-degree  of  freedom,  rigid  body  equations 
of  motion.  Stability  derivatives  used  in  the  calcula- 
tions were  obtained  from  static  and  dynamic  force 
tests  of  semi-rigid  models  tethered  in  the  wind  tunnel. 

Chambers545,  investigating  the  dynamic  lateral 
stability  and  control  of  a single  keel  parawing  with 
rigid  spars  utilized  lateral  and  longitudinal  static  stab- 
ility derivatives  of  the  types  shown  in  Figure  7.46. 
Walker564  investigating  the  static  and  dynamic  longi- 
tudinal stability  of  a semi-rigid  parafoil,  induced 
pitching  oscillations  in  a one-degree-of-freedom  wind 
tunnel  model  to  obtain  the  pitching  and  damping 
moment  stability  coefficients  as  a function  of  time 
shown  in  Figure  7.47. 

The  revision  of  theory  required  in  the  transition 
from  rigid  to  all-flexible  high-glide  parachutes  was 
investigated  by  the  authors  of  Reference  546.  A 
comparison  of  measured  and  predicted  aerodynamic 
characteristics  of  both  rigid  and  flexible  single  Keel 
parawings  was  illustrated,  e.g..  Figure  7.48 . This  fig- 
ure shows  the  rigid  body  theory  correctly  predicting 
the  reversal  of  the  slope  of  Cm  vs  C[_  going  from  rigid 
to  flexible  models  but  not  the  magnitude  of  Cm.  It 
was  concluded  that  any  analytical  approach  to  the  all- 
flexible  parawing  will  probably  have  to  take  rigging 
constraints  into  account. 
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Figure  7.47  Typical  Dynamic  Pitching  Charactariatica 
of  Tetherad  Sami-Rigid  Parafoil  Modal 
(Raf.  564[ 


•1  Characteristics  of  a Rigid  Wing 
with  Am  3 and  2$  m 1029  . 

Figure  7.48  Comparison  of  Predicted  and  Measured 
Aerodynamic  Characteristics  of  Rigid 
and  Flexible  Parawing  Models 
(Ref.  546) 

A theoretical  method  for  predicting  the  aero- 
dynamic performance  of  all-flexible  parawings  is 
described  in  Reference  533. 
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b)  Characteristic!  of  a Flexible  NASA  Plarjform  j 

Parawing  with  A m 2.83  and  20  m 130.5  . j 


Figure  7.48  Comparison  of  Predicted  and  Measured  Aerodynamic  Characteristics  of  Rigid  and  Flexible  Parawing 
Models  (Continued) 

PREDICTION  OF  LANDING  DYNAMICS 
548 

As  summarized  by  Jones  , analytical  predictions 
of  the  performance  of  the  landing  impact  attenuation 
system  can  be  obtained  by  one  of  two  methods-,  the 
statistical  method  or  the  absolute  performance  meth- 
od. In  the  statistical  method,  a probability  density 
function  is  defined  for  each  touchdown  condition 
and  attenuator  characteristic;  then  Monte  Carlo  tech- 
niques are  used  to  establish  a probability  of  successful 
landing  In  the  absolute  performance  method  it  is 
required  that  no  landing  failure  occur  for  any  touch- 
down condition  within  a specified  range.  The  two 
methods  can  be  combined  to  establish  conditional 
probabilities  of  successful  landing. 

The  problem  is  sufficiently  complex  to  require  the 
use  of  a high-speed  digital  computer,  but  simplified 
computer  analysis  using  closed  form  equations  of 
motion  are  inadequate  to  provide  accurate  perform - 


ance  predictions Therefore,  only  numerical  inte- 
gration methods  can  be  expected  to  yield  adequately 
dependable  results. 

Mathematical  Models 

The  vehicle  may  be  treated  as  a rigid  body  except 
where  its  elastic  response  to  the  impact  is  a critical 
factor  to  the  success  of  the  landing.  Both  rigid  and 
elastic  models  can  be  treated  in  either  twondimen- 
sional  or  three  dimensional  terms.  The  two-dimen- 
sional mode  allows  three-degrees  of  freedom,  and  the 
vehicle  is  constrained  to  move  in  a vertical  plane  con- 
taining the  vehicle  plane  of  symmetry  and  the  line  of 
maximum  relative  surface  slope,  The  three-dimen- 
sional mode  allows  the  vehicle  six-degrees  of,  freedom 
(3  translations  and  3 rotations). 

Solid  landing  surfaces  may  be  modeled  as  either 
rigid  and  unyielding  or  soft.  For  rigid  surfaces,  forces 
tangential  to  the  surface  are  generated  by  a coeffi- 
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cient  or  friction  or  by  an  assumed  rigid  abutment. 
For  soft  surfaces,  including  water,  the  penetration 
forces  must  be  determined  as  functions  of  the  area, 
direction,  depth  and  velocity  of  vehicle  penetration  as 
well  as  of  the  penetration  characteristics  of  the  sur- 
face material64® 

Application  of  the  Monte  Carlo  technique  to  an 
analysis  of  the  landing  dynamics  of  a manned  vehicle 
without  an  impact  attenuation  subsystem  :c  iliustra- 
ted  in  Reference  549.  The  simulation  technique  was 
developed  and  used  for  a post-design  evaluation  of 
the  Apollo  Command  Module  (CM)  landingcapability. 
The  analysis  was  carried  forward  in  three  successive 
stages: 

1.  Contact  conditions  on  arbitrary  terrain  were 
established  for  the  wind-driven  CM  end  para- 
chute system  in  terms  of  landing  velocity 
and  attitude. 

2.  impact  loading  was  characterized  in  terms  of 
the  resultant  contact  angle  and  velocity. 

3.  Failure  criteria  were  developed  for: 

The  allowable  structural  loading  statistics  of 
CM  inner  structure. 

The  probability  of  the  command  module 
tumbling  and  of  structural  failure  resulting 
from  the  tumbling  dynamics. 

For  the  Apollo  Command  Module  water  landing,  sta- 
tistics indicating  the  probability  of  occurrence  of 
various  impact  conditions,  successful  impact,  and 
axial  loads  are  presented  in  Reference  550. 

Impact  Attenuation 

A convenient  analytical  approach  for  preliminary 
design  purposes  is  to  determine  the  approximate 
dim  nsions  of  the  energy  absorbing  device  required 
for  ihe  simple  vertical  impact  case  and  then  examine 
its  probable  behavior  during  drift  landings  along  dif- 
ferent axes,  both  without  and  with  initial  sngular 
motion.  This  avoids  unnecessary  redundancy  when 
partial  effectiveness  of  the  vertical  system  is  adequate 
tor  the  limit  oscillation  and  drift  conditions  specified. 
For  more  stringent  requirements  the  vertical  energy 
absorbing  capacity  will  be  augmented. 

The  impulse-momentum  equation  is  useful  for 
appraisal  of  vertical  impact  design  requirements: 

F(At)  « mb  [ (Av)  + g(At)\  7-134 

where  Av  * (2 Ah'S)  ^ 
f*  Kag(Gz-1) 

and  ? is  the  average  retarding  force’  that  must  be 
exerted  by  the  energy  absorbing  mechanism  during 
the  space-time  working  interval  defined  by  A h and  A t. 
Gz  is  the  maximum  allowable  vertical  load  factor  of 
the  vehicle.  The  definition  of  Av  reflects  the  assump- 
tion that  the  vertical  velocity  will  be  reduced  to  zero 
at  the  same  time  all  the  impact  energy  has  been  ab- 


sorbed. In  this  context,  the  following  assumptions 
also  may  be  made  about  the  system, 

A*=  vm  the  maximum  probable  rate  of  de- 
scent witti  main  canopy. 

Ke=a/am  is  a constant  proportional  to  the 
dynamic  efficiency  of  the  energy 
absorber,  where  am  is  the  maxi- 
mum deceleration. 

Kf}=hh/he  is  a constant  characteristic  of  the 
energy  absorber  for  vertical  defor- 
mation, where  he  is  the  initial  un- 
deformed vertical  dimension. 

The  working  intervals  are  expressed  in  this  form, 
(time)  At=  vm/Kag(Gz-1)  7-135 

(stroke)  Ah  = vm2/2Keg(Gz-U  7-136 

Numerous  drop  tests  of  different  types  of  energy 
absorbing  systems  have  served  to  indicate  the  practi- 
cal range  of  values  of  parameters  such  as  Ke  and  /(/,. 
For  the  present  purpose  it  is  sufficient  to  know  only 
broadly  conservative  values. 

The  descent  characteristics  and  performance  limi- 
tations of  many  systems  can  be  taken  into  account 
conservatively  by  letting 

Ke  - 0.5 
Kh-0.7 
and  vm^e~ 

where  7e  is  the  average  rate  of  descent  at  contact  for 
vm  *ye  + 2o 

With  these  substitutions  in  equations  7-135  and  7-136 
A t 1.06  Vg/0.5g(Gz-1)  7-137 

he  * 1.60  ve3/g(Gz- 1)  7-138 

equations  7-137  and  7-138  ere  plotted  in  Figure  7.49 
to  indicate  the  general  characteristics  of  the  energy 
absorbing  subsystem  required  to  soft-lartd  a specific 
vehicle  decelerator  system,  as  characterized  by  vg  and 
Gr 

The  energy-abosrbing  subsystem  defined  by  Af  and 
hg  will  have  excess  capacity  for  the  simple  vertical 
landing  case  and  so  will  provide  a reasonable  basis  for 
a preliminary  dynamic  anaiysis  of  critical  attitude- 
angle  and  drift  conditions.  The  ratio  of  he  to  the 
base  dimensions  of  the  vehicle  is  indicative  of  the 
type  of  energy  absorbing  medium  required,  whether 
crushabie  solids,  surface  penetrating  members,  de- 
formable structures,  compressible  strut-skid  landing 
gear,  air  bags,  etc.  The  nature  of  the  stability  prob- 
lem to  be  resolved  will  be  indicated  by  this  dimen- 
sional ratio  and  also  by  the  horizontal  distance  travel- 
ed during  the  working  interval,  e.g.,  A s - (At), 

where  is  a specified  maximum  drift  velocity  along 
a given  axis.  If  one  (or  both)  base  dimensionsof  the 
vehicle  is  small  relative  to  hg,  ways  of  increasing  the 
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effective  width  with  extensible  outriggers  or  inflata- 
ble sponsons  may  be  considered. 

In  preparation  for  the  landing  dynamic  stability 
analysis,  further  detail  design  development  is  neces- 
sary to  establish  how  the  retarding  force  of  the 
energy  absorber  varies  during  the  working  stroke  for 
different  angles  between  the  base  of  the  vehicle  and 
the  surface,  and  on  different  angles  between  the  base 
of  the  vehicle  and  the  surface,  and  on  different  hori- 
zontal axes,  where  this  makes  a difference.  Shifting 
of  the  force  vector  relative  to  the  vehicle  center  of 
gravity  during  the  working  stroke  must  be  defined  for 
the  calculation  of  pitch  and  roll  moments.  Also,  the 
coefficient  of  friction  between  the  energy-  absorber 
and  the  landing  surface  must  be  known  or  estimated. 

The  results  of  the  dynamic  analysis  will  reveal  the 
adequacy  of  the  energy  absorbing  capacity  of  the  pre- 
liminary design  sub-system  and  suggest  wherein 
stroke,  tread  or  span,  footpring,  etc.,  may  be  revised 
to  obtain  an  efficient  solution  of  adequate  stability 
for  the  range  of  touchdown  variables  specified. 

Stimler49\ising  a flexible  six-degrees  of  freedom 
digital  computer  program,  shows  good  correlation 
between  predicted  and  measured  performance  char- 
acteristics of  an  impact  bag  mounted  on  the  under- 
side of  an  RPV.  The  program  could  handle  up  to  five 
airbags  located  at  different  positions  on  the  base  of 
the  vehicle.  The  mathematical  model  was  developed 
to  deal  with  fixed  airbags  and  bags  that  could  shift  in 
position  under  lateral  friction  forces.  Inputs  to  the 
comouter  program  included:  initial  and  final  (relief) 


bag  air  pressures,  discharge  orifice  aiea.  and  bag  vol- 
ume, footprint  area,  and  center  of  pressure  as  func- 
tions of  stroke,  (see  Tig.  7.50)  along  with  the  vehicle 
mass  and  inertial  properties  and  the  initial  velocity 
vector.  Trade-off  studies  were  made  to  obtain  the 
time  histories  of  vehicle,  e.g.,  velocity,  airbag  internal 
pressure,  vehicle  deceleration,  angular  motion  in  pitch 
and  roll,  and  the  velocities  of  tail  and  wing-tip  upon 
contact  with  the  ground.  A comparison  of  typical 
predicted  and  measured  results  is  given-  in  Figure  6.95. 

Impact  Bags.  The  air-inflated  envelope  equipped 
with  pressure  relief  orifices  has  proven  to  be  amen- 
able to  performance  prediction  with  minimal  depend-, 
ence  on  empirical  coefficients  (e.g.,  Ref.493)-  Several 
such  bags  are  used  in  one  system  to  obtain  a satisfac- 
tory distribution  of  support  under  the  vehicle,  often 
in  combination  with  static  pressurized  compartments 
or  bags  designed  to  aucnent  the  base  span  of  the 
vehicle  and  to  prevent  terminal  contact  with  the 
ground.  The  volume  and  footprint  area  of  each  bag 
as  a function  of  compressed  height  may  be  determin- 
ed for  various  angles  of  contact  and  along  both  longi- 
tudinal and  transverse  axes.  Significant  shifting  of 
the  center  of  pressure  of  each  bag  can  be  similarly 
identified,  all  as  inputs  to  the  equations  of  motion  in 
a computer  program  designed  to  handle  any  number 
of  bags  at  different  locations  relative  to  the  vehicle 
center  of  gravity. 

The  working  stroke  of  each  bag  is  described  by 
compression  of  the  air  to  a peak  pressure,  at  which 
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Doin'  ;he  discharge  orifices  open.  'oiiowed  by  an  air 
exhaust  cyde  continuing  to  terminal  contact.  The 
instantaneous  retarding  force  exerted  by  each  bag 
is  simoiv 

, F = Sf(P2-P0l  7-139 

Where  Sf  is  the  instantaneous  footprint  area  and  PQ 
and  P2  are  the  ambient  and  interna  absolute  air  pres- 
sures respectively. 

Air  Compression  Cycle.  Adiab3tlc  compression  is 
a reasonable  assumption  for  which  the  following  rela- 
tionships are  useful. 

vyv,  - (p,/p2)'n=  (p,/p2)0717 

1-1  h 

t2/t,  - ( p2/p ,/  - (p2/p,)°  233 

Where  7 * 1.3947  for  air  at  ordinary  temperatures. 
The  initial  volume,  temperature,  and  pressure  are 
known.  Then  with  P2  m f(V2 );  V2  * f(hg)  and  Sfm 
f(hB).  the  force  exerted  by  each  bag  can  oe  expressed 
in  terms  of  its  compressed  height,  hg.  which  through 
the  equation  of  motion,  becomes  a function  of  time 
starting  with  an  initial  value  hgj  » hf.  when  the  ver- 
tical velocity  component  \%hgj  at  contact. 

For  a so'ution  rhe  compression  process  is  advanced 
in  time  until  P2  m PQ  *■  A Pm.  the  pressure  at  which 
the,  air  discharge  orifices  open.  At  this  neurit  the 
instantaneous  values  of  the  variables  *?.  V2,  T2,Sf2. 
hg2  and  hg2  define  the  initial  conditions  for  the  air 
exhaust  cycle. 

Air  Exhaust  Cycfa.  The  total  area  of  the  discharge 
orifices  must  be  sufficient  for  an  initial  volumetric 
discharge  rate  at  the  peak  pressure  A pm  of 

*’hB2Sf2  7142 

This  is  the  rate  at  which  the  bag  volume  is  being 
reduced  by  deformation  between  the  descending 
vehicle  and  the  qround.  For  an  effective  air  discharge 
velocity.  1 >j.  the  total  orifice  area  required  is 

ZAj  - (Pj/Pj)”7  VAj  7-143 

and  for  adiabatic  expansion  with  a discharge  coeffi- 
cient. Cj.  the  following  form  of  the  discharge  velocity 
equation  is  useful 

try  - {Cp  OSP3  Pj  {(1/Tj)  7 144 

IPW293  PW2a3-U] * 

wherp  Pj  is  the  amb'ent  absolute  atmospheric  pres- 
sure and  l?j  is  the  specific  volume  of  air  at  the 
ambient  conditions. 

With  Aj  determined  and  held  constant  for  the 
baljnce  of  the  stroke,  and  veltxitv  hg  decreasing,  it 
will  be  seen  that  the  interna)  air  pressor*  tends  to 
decrease  rapidly  when  the  footprint  area  of  the  hag 
stops  increasing  at  a substantial  rate  ie.g.,  Ref  493). 
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The  result  i;  a low  dynamic  efficiency  in  terms  of 
a/am.  which  -ay  be  improved  either  by  causing  tne 
discharge  a'aa  to  decrease  continuously  during  the 
cycle  or  by  using  an  air  bag  shape  that  increases  rapid- 
ly in  footprint  area  as  it  is  compressed  between  vehi- 
cle and  ground.  Both  approaches  nave  been  tested 
with  good  results. 

When  the  solution  is  advanced  in  time  for  a given 
landing  condition,  a satisfactory  impact  bag  design 
will  be  indicated  when  the  velocity  hg  approaches  a 
small  residual  vaiue  as  hg  approaches  zero  with  the 
ratio  a/am  > 0.65  approximately,  eg.,  reasonably 
good  dynamic  efficiency  is  necessary  to  minimize  the 
bulk  and  weight  of  the  impact  bags. 


Pre-Contact  Retardation 

It  is  clear  from  Fig.  7.49  that,  except  for  high 
allowable  load  factors,  the  vertical  dimension  he  of 
the  impact  attenuation  system  must  be  relatively 
large  for  the  small  vehicles  even  at  moderate  descent 
velocities.  The  customary  approach  toward  reduction 
of  the  size  and  weight  of  the  energy  absorbing  pack- 
age is  to  3I1OW  a residual  impact  velocity  of  5 to  10 
fps  and  establish  acceptable  levels  of  damage.  The 
other  aoproacn  occasionally  taken  is  to  err, ploy  a self- 
powered  precontact  retardation  device,  the  operation 
of  which  is  initiated  at  an  appropriate  height  above 
the  landing  surface.  For  complete  velocity  attenua- 
tion, that  height  would  be  <0.7  h*  in  Fig.  7.49,  pro- 
vided the  dynamic  efficiency  yielded  K e « 0.5  or 
better,  it  is  generally  feasible  to  employ  a mechanical 
probe  of  that  length.  The  most  successful  pre-contact 
retardation  systems  employ  retrorockets. 
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at  Landing  Analysis.  Although  retro- 
jusually  viewed  as  devices  for  attenuating 
tical  velocity  component,  systems  have 
which  arp  capable  of  sensing  and  reduc- 
|the  same  time.  For  example,  during  the 
illiseconds  after  contact  a universally 
probe  wfith  telescoping  tip  will  indicate 
ous  mairitode  and  direction  of  the  ve- 
vector  relative  to  the  landing  surface4®7. 
|ncxt  few  milliseconds  these  signals  can 
portion  of  a cluster  of  retrorockets 
jittenuate  both  the  vertical  and  horizontal 
portents  to  acceptable  magnitudes.  Since 
d propellant  rockets  for  landing  purposes 
lave  bum  tunes  of  less  than  S00  rnilli- 
uster  of  many  small  rockets  may  afford  a 
fit  solution  than  a few  large  ones,  while 
the  same  time  a convenient  method  of 
[etarding  impulse  in' step  wise  increments 
stjntaneous  requirement.  Where  vehicle 
bbt  variations  are  large  a suitable  meter 
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program  (possibly  only  a function  of  total  fl.ghttime) 
may  De  used  to  bias  the  retrorocket  firing  signal  to 
the  numoer  needed  for  that  specific  operation.  For 
this  type  of  system,  the  total  retarding  impulse  re- 
quired consists  of  the  basic  design  minimum  augmen- 
ted as  required  by  two  factors  as  follows 

/ * Kvmb  (Av)  + Ktgmb(&t)  7-145 

Where  K'y  is  the  reserve  factor  required  to  cover  drift 
and  variations  in  weight,  ana  Kt  is  a sustamer  factor 
extending  the  rocket  burn  at  a final  vertical  thrust 
level  slightly  less  than  the  vehicle  weight  (gm^)  to 
minimize  the  residual  impact  velocity. 

When  m p corresponds  to  the  maximum  landing 
weight  condition  the  magnitude  of  Kv  depends  solely 
on  the  manner  in  which  the  thrust  of  the  rocket  clus- 
ter is  vectored  to  counter  drift  during  the  primary 
deceleration  interval.  Kv  * 1.0  only  if  the  entire 
output  of  the  rocket  cluster  can  be  directed  along  the 
resultant  velocity  vector  v * (vv3  * vH2)*.  This  is 
mechanically  difficult  to  accomplish  in  a few  m.lli- 
seconcts.  but  the  cost  .of  gaming  additional  time  is 
only  length  added  to  the  initiating  probe. 

The  alternative  approach  (with  v H * v^i  using  five 
individual  clusters,  one  vertical  and  four  horizontal, 
requires  Kv  * 3.5  when  the  direction  of  drift  is  a 
matter  of  chance,  as  in  all  uncontrolled  landings. 

Decelerate*  System  Weight  Optimization 

It  is  occasionally  helpful , in  decelerator  system 
design  to  know  the  optimum  rate  of  descent  at  touch- 
down for  which  the  combined  weight  of  the  main 
decelerator  and  impact  attenuation  subsystem  would 
be  a minimum.  While  other  practical  considerations 
may  dictate  the  design  rate  of  descent  in  the  final 
analysis,  it  is  instructive  to  have  some  feel  for  the 
probable  cost  in  added  weight  when  the  specified  de- 
sign figure  is  less  than  optimum,  as  is  often  the  case. 

A familiar  relationship  used  in  this  analysis  is  the 
su.rn  of  the  weight  components 

(Wp  * WR)/W  • AT  ? A v ♦ 7-146 

where  Wp  " weujil  of  mam  decelerator  subsystem 

(• 

weight  of  landing  "retro-subsystem" 

W ” gross  descent  wei^it 
/ff  » mam  decelerator  weu^it  factor 

K2  » retro  subsystem  weiqht  factor 

Air  « reduction  in  descent  velocity  effected  by 
retro  subsystem 

Kj  * gravitational  factor 
Letting 

Rw  - (Wp  *W„)/W  7 147 


Av  ” vt 

the  expression  is  simplified  to 

Rw  ‘ K1vt"  * K2vt*  K3  7-148 

The  minimum  occurs  when  (dRw/dvt ) = 0 or.  by  dif- 
ferentiation, when 

-OK,*,1-"-1*  +K2  =0 

Then  the  optimum  rate  of  descent  is 

v;  = (K2/nK1)1/<-',-,,z(nK1/K2),/ln*U  7-149 

Irrespective  of  whether  the  retro-subsystem  is  a 
passive  impact  energy  absorber,  sgch  as  an  airbag,  or 
an  active  decelerator  like  a retrorocket,  the  total 
impulse  absorbed  or  delivered  by  the  retro-subsystem 
may  be  represented  by  this  relationship  for  complete 
deceleration  from  ve  to  zero. 

/ = Wpi„  ~ (Wb/g)v,+Wb(to)  7-150 

v'  rearranged  with  Wb  * W.  i e.,  negrecting  Wp  as  small 

‘'./'A?  7-151 

where  ip  is  the  effective  specific  impulse  of  the  retro- 
subsystem  based  on  the  installed  weight  of  the  sub- 
system and  Af  -s  the  effective  working  interval.  Then 
it  is  clear  that 

K2  “ 1fiR3 

and 

K3  - Lt/i„ 

For  redundant  retro-subsystems  the  total  impulse 
capacity,  lp  is  greater  than  / as  defined  for  the  basic 
vertical  impulse  required,  and  the  effective  specific 
impulse  (ip  « //Wff/  is  correspondingly  small  because 
Wff  is  larger  than  the  theoretical  minimum  attainable. 
It  will  be  seen  that  this  works  to  reduce  the  optimum 
rate  of  descent  and  increase  the  size  of  the  main  de- 
celerator. 

Variation  of  the  optimum  design  rate  of  descent 
with  the  effective  specific  impulse  or  efficiency  of  the 
retro-subsystem  is  illustrated  in  Figure  7.51  for  differ-' 
ent  value*  of  Kt  and  with  n **  1.726  (from  Ringsail 
parachute  weight  data).  For  example,  a very  simple 
basic  solid  propellant  landing  rocket  installation-' 
might  afford  iH  » 150  me.  for  which,  with  Kf  ” 10.5, 
v,  ■ 65  fpt,  but  with  provisions  added  for  neutral- 
izing drift  and  a consequent  redundancy  factor  of  say 
3.0,  the  effective  specific  impulse  would  be  reduced 
to  iff  • 50  me.  and  rj  * 43.6  fpt.  It  can  be  shown 
that  the  end  result  would  be  more  than  double  the 
total  weight  fraction  of  the  combined  decelerator 
subsystem  from  approximately  2 5%  Wb  to  5.3%  Im- 
partial Deceleration  With  Retrorocket*.  Simplified 
retrorocket  landing  systems  for  air  dropping  cargo. 
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Figure  7.51  Variation  of  Optimum  Design  Rate  of  Descent  with  Effective  Specific  Impulse  of  Landing  Retrorocket 


such  as  that  described  in  Reference  497 , may  be  de- 
signed for  Av  < ve.  with  no  provisions  for  attenuation 
of  drift  or  for  disconnecting  the  main  parachute. 
Within  the  constraints  imposed  by  the  parameters  of 
the  low-level  drop  trajectory;  decelerator  system 
weight  optimization  may  not  be  feasible,  but  the 
penalty  for  this  could  be  relatively  small,  as  suggested 
by  the  following  analvsis. 

For  this  purpose,  equation  7-151  may  be  re-written 
WpM  • n/iRg)fijVt+?2tb/if,  7-152 

where 

' Mr 


/ - Wig)  v,  * mb 

i.e.,  for  the  special  case  in  which  Av  * ve.  and  0f  m 
kv/vg  is  the  factor  accounting  for  Av  (design)  < vf 


In  this  context  the  effective  specific  impulse  for 
partial  deceleration  is  defined  by  the  expression 


iff  m[<w/g) Av  * 

so  that  ipfi'n  m 

H H br/g  + tb 


7-153 


Factor  02  represents  tf  e reduction  in  the  gravita- 
tional component  that  may  result  from  support  dur- 
ing the  working  interval  derived  from  retention  of  the 
parachute.  However,  0g  is  likely  to  be  close  to  unity 
for  most  systems  because  the  parachute  is  usually  dis- 
connected when  retro-thrust  is  initiated. 

Since  the  rocket  weir^it  for  this  system  wilt  be  less 
than  for  the  one  required  for  Av  » Vg,  iff  will  be  larqer 
and,  as  shown  in  Figure  7.51 . the  optimum  design 
rate  of  descent  will  be  increased  accordingly.  This 
trend  is  generally  compatible  with  the  requirements 
for  the  precision  air-dropping  of  material  as  described 
in  Reference  497.  However,  if  v\  proves  to  be  less 
than  Vg  (design)  due  to  the  effects  of  vectored  nozzles 


and  the  weight  of  auxiliary  retrorocket  equipment  on 
iff,  the  combined  decelerator  system  weight  will  be 
somewhat  greater  than  the  optimum.  Once  the 
■weight  of  the  retrorocket  subsystem  has  been  deter- 
mined. a simple  oarametric  analysis  can  be  performed 
with  equation  7-148  to  appraise  the  weight  penalty 
for  operatingat  a design  rate  of  descent  other  than  v’e 

RELIABILITY  ASSESSMENT 

The  assessment  of  parachute  reliability,  either 
from  the  design  prior  to  the  start  of  tne  actual  experi- 
mental development  program,  or  from  test  data  gath- 
ered during  a developmental  and  test  program,  is  a 
problem  which  must  be  approached  in  a logical  step- 
by-step  manner  if  meaningful  results  are  to  be  obtain- 
ed. Space  is  not  adequate  in  this  section  to  present 
detailed  instructions  on  the  complete  procedure  for 
parachute  reliability  assessment.  Reference  500  pre- 
sents a complete  methodology  for  parachute-reliabil- 
ity assessment  and  many  o(  the  necessary  auxiliary 
data,  including  values  for  human-error  rates  observed 
in  parachute  packings,  the  reliability  of  certain  mech- 
anical devices  commonly  used  in  parachute  systems, 
and  mathematical  tables  which  facilitate  computa- 
tions. The.  discussion  presented  below  is  a brief  out- 
line of  the  major  points  which  must  be  considered  in 
the  assessment  of  parachute  reliability. 

Definition  of  Reliability 

Reliablity  is  inversely  related  to  the  expected  rate 
of  failure;  it  can  be  measured  by  subtracting  the  ex- 
pected probability  of  failure  from  unity.  The  impor- 
tant concept  to  note  here  is  the  use  of  the  term 
"expected  rate  of  failure".  The  calculated  reliability 
of  a system  cannot  be  used  to  forecast,  on  an  abso- 
lute basis,  the  performance  of  a single  example  of 
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that  system  in  a single  use.  it  gives  the  "odds",  but 
does  not  foretell  the  result  of  any  single  event.  It  re- 
fers to  the  rate  of  successful  uses  to  be  expected 
when  a large  number  of  identical  systems  are  used,  or 
when  a given  system  is  used  a large  number  of  times. 
Thus,  reliability  may  be  defined  as  the  probability  of 
successful  operation  of  the  parachute  system  under 
given  conditions  in  the  long  run. 

An  examination  of  the  definition  of  reliability 
indicates  that  in  itself  it  is  not  adequate  for  the  basis 
of  assessment  of  any  givep  parachute  system.  It  is 
necessary,  before  starting  the  analysis,  to  choose  the 
boundaries  defining  the  system.  A decision  must  be 
reached  by  the  evaluating  agency  as  to  the  exact 
point  in  the  parachute  use  at  which  the  consideration 
of  reliability  will  start,  and  the  exact  point  at  which  it 
will  end.  For  example,  if  a simple  static-iine-deploy- 
ed  system  is  considered,  the  reliability  evaluation  may 
include  the  fastening  which  holds  the  end  of  the 
static  line  to  the  aircraft,  or  may  not,  depending  on 
whether  the  system  designer  or  evaluator  chooses  to 
consider  this  a portion  of  the  parachute  system.  Sim- 
ilarly, if  a cargo  parachute-system  has  an  automatic 
canopy-release  which  separates  the  canopy  from  the 
load  at  touchdown,  this  may  or  may  not  be  consider- 
ed as  part  of  the  system  from  a reliability  viewpoint, 
depending  upon  the  objectives  of  the  analysis. 

Another  factor  which  is  important  in  the  overall 
definition  uf  the  reliability  to  be  assessed  is  the  mat- 
ter of  the  use-conditions  under  which  this  reliability 
will  be  considered.  Therefore,  it  is  also  necessary  to 
specify  the  limits  of  aoplicability  of  the  system  with 
respect  to  the  deployment  speed  and  altitude,  the 
load,  the  permissible  aircraft  maneuvers  durirg  release, 
etc.  Finally,  as  discussed  previously.  ? definition  of 
success  or  failure  of  the  parachute  mission  is  neces- 
sary as  a yardstick  upon  which  to  base  the  computa- 
tions of  system  reliability. 

Reliability  Distributions 

In  any  given  parachute,  mission,  the  reliability  of 
each  portion  of  the  parachute  system  is  determined, 
in.  effect,  at  a virtually  instantaneous  time,  rather 
than  over  a period  of  time.  For  example,  the  maxi- 
mum load  on  the  suspension  lines,  and  thus  the  maxi- 
mum probability  of  a line  breaking,  comes  either  in 
the  opening-shock  or  in  the  snatch  force.  Similarly, 
the  ree.fing-line  cutter  is  called  upon  to  perform  at  a 
particular  instant,  and  its  success  or  failure  in  this  per- 
formance is  measured  at  that  instant  rather  than  over 
a time  period.  The  other  devices  and  components  of 
the  parachute  system  are  also  called  upon  to  perform 
or  to  resist  their  maximum  loads  at  a virtually  instan- 
taneous time! 

Consequently,  from  a reliability  viewpoint,  a para- 


chute is  a "one-shot"  system.  When  called  on  to  per- 
form in  its  mission,  its  reliability  is  not  dependent  on 
the  length  of  time  the  mission  will  last,  but  rather 
upon  success  or  failure  in  a single  operation  at  a single 
time.  The  distribution  of  the  probability  of  para- 
chute failure  can  only  take  on  a finite  number  of 
values,  and  is  called  a discrete  distribution.  The  prob- 
ability distribution  best  describingsuch  a system  is  the 
Binomial  Distribution,  which  expresses  mathematical- 
ly the  probability  {f(x))  that  failure  will  occur  exact- 
ly a times  in  N independent  trials  of  the  system, 
where p is  the  expected  probability  of  failure  : 

f(x)  = N I p * (1-p)N-*/xl  (N-x)l  7-1 54 

It  should  be  noted  that*  * 1,2,3 N.  and  that 

if  p is  the  probability  of  failure,  then  (f-p)  represents 
the  probability  of  success. 

Examination  of  the  expression  for  the  Binomial 
Distribution  given  in  equation  7-154  indicates  that 
both  the  numerator  and  denominator  of  the  fraction 
involved  contain  factorials,  and  that  when  the  num- 
bers become  large,  the  expression  is  rather  difficult  to 
evaluate.  For  cases  in  which  N (the  number  of  trials) 
is  quite  large  and  (p)  (the  probability  of  failure)  is 
quite  small,  the  Poisson  probability  distribution  is  a 
good  approximation  to  the  binomial 

f(x)  * n^/xt  7155 

In  this  distribution,  n is  the  average  number  of 
times  the  event  (failure)  occurs,  or  the  "expectation" 
of  x,  numerically,  n m Np.  Since  only  one  factorial  is 
involved,  that  of  x,  and  since  x must  be  small  to 
apply  the  Poisson  distribution  as  an  approximation  to 
the  Binomial,  it  can  be  seen  that  numerical  manipula- 
tions are  considerably  simplified  by  the  approxima- 
tion. 

Single- Use  Versus  Multiple-Use 

One  important  factor  governing  the  application  of 
reliability  methods  to  parachute  missions  must  be 
considered  before  the  the  discussion  of  the  details  of 
reliability  assessment;  the  condition  of  the  parachute 
at  the  start  of  the  mission.  Some  types  of  parachutes 
(for  example,  those  which  are  used  to  decelerate 
weapons  and  are  destroyed  in  the  process  of  use) 
must  be  new  at  the  start  of  each  mission.  Others, 
such  as  the  usual  man-carrying  parachutes,  aircraft- 
deceleration  parachutes,  and  cargo  or  "airdrop"  para- 
chutes, may  be  used  for  a number  of  missions.  In  the 
single-use  cases,  since  all  the  parachutes  are  new  at 
start  of  the  mission,  it  may  be  assumed  that  all  nave 
equal  reliability.  Of  course,  if  the  parachute  has  been 
subjected  to  severe  environments  in  storage  (high 
temperature,  acid  fumes,  etc.),  this  assumption  will 
not  be  valid.  However,  such  situations  are  not  legiti- 
mately, a portion,  of  a reliability  investigation,  since 
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they  are  analogous  to  the  inadequate-design  situation 
and  are  not  actually  related  to  the  parachute;  and 
they  are  isolated  instances  which  cannot  be  control- 
led. Thus,  to  make  the  parachute- re  liability  assess-, 
ment  feasible  at  all,  it  must  be  assumed  that  acciden- 
tal damage  or  deterioration  during  storage  after  pack- 
ing has  not  occured. 

In  the  case  of  the  multiple-use  parachute,  it  is  nec- 
essary to  establish  the  effect  of  prior  use  on  reliabil- 
ity. Such  factors  as  wear,  age,  damage  on  landing, 
weakening  of  fabric  members  by  previous  loading, 
and  effects  of  exposure  to  sunlight  during  previous 
uses  must  be, evaluated  with  respect  to  their  effects 
on  overall  reliability.  The  problem  here  is  one  of  de- 
termining whether  the  inspection  and  repair 'process 
which  follows  the  parachute-use  prior  to  packing  for 
the  next  mission  returns  the  parachute  to  the  equiva- 
lent of  new  condition.  This  is  a matter  which  will  be 
determined  by  the  facts  of  the  individual  case.  If  it 
is  found  that  the  re-used  parachute  is  equivalent  from 
a reliability  viewpoint  to  a new  parachute,  then  the 
analysis  proceeds  as  if  the  parachute  were  a single-use 
item.  If  it  is  found  that  inspection  and  repair  does 
nor  return  the  parachute  to  its  "as-neto"  condition, 
then  some  allowance  must  be  made  for  the  deterior- 
ating effect  of  prior  use  in  . assessing  the  parachute 
reliability. 

Overall  System  Reliability 

The  simplest  case  in  the  evaluation  of  the  reliabil- 
ity of  a parachute  system  is  that  df  a single-canopy 
system  which  has  been  tested  a number  of  times 
under  reasonably  close  conditions  of  operation  of 
load,  altitude,  velocity  of  release,  and  aircraft  attitude 
at  release.  Under  these  conditions,  the  simplest  esti- 
mate of  parachute  failure  rate  is  the  actual  failure  rate 
observed:  the  number  of  failures  observed  divided  by 
the  total  number  of  drops.  The  reliability  is  this  value 
subtracted  from  unity.  This  gives  a "point  estimate”; 
that  is,  a reliability  value  given  as  a single  number 
based  on  the  available  number  of  trials.  For  some 
purposes,  especially  if  only  a crude  estimate  of  reli- 
ability is  required,  this  "best  estimate"  is  satisfactory. 
It  must  be  realized,  of  course,  that  the  accuracy  of 
such  a point  estimate  or  best  estimate  depends  upon 
the  number  of  trials  which  were  made. 

Such  an  estimate  of  reliability  has  several  advan- 
tages; it  is  relatively  simple  to  compute  and  can  uti- 
lize any  consistent  data  that  are  available.  However, 
it  must  be  realized  that  the  single-number  value  rep- 
resenting the  reliability  gives  no  information  about 
the  degree  of  confidence  that  may  be  placed  in  this 
number  as  a true  measure  of  the  potential  perform- 
ance of  the  system.  It  is  quite  possible  that  the  true 
reliability  is  either  lower  or  higher  than  the  given 
maximum-likelihood  estimate,  since,  in  theory,  reli- 


ability expresses  the  probability  of  a given  number  of 
successes  in  all  possible  uses  of  the  parachute  system, 
while,  for  most  practical  cases,  the  test  data  available 
represent  only  a small  fraction  of  all  possible  uses. 
But  the  point  estimate  does  have  legitimate  use  in 
reliability  assessment  of  parachute  systems,  because 
when  only  limited  test-data  are  available  it  is  often 
the  only  assessment  which  can  be  made;  even  with 
ample  data,  it  provides  a rapid  method  for  determin- 
ing whether  or  not  reliability  requirements  are  being 
met. 

To  take  into  account  the  possibility  that  the  true 
reliability  may  be  either  lower  or  higher  than  the 
maximum-likelihood  (point)  estimate  computed  from 
a single  series  of  trials  by  the  simple  method,  a more 
refined  measure  of  reliability  is  needed.  The  basis  for 
this  type  of  reliability  value,  the  confidence-interval 
estimate,  may  be  understood  by  realizing  that,  rough- 
ly speaking,  if  an  estimate  of  the  reliability  of  a sys- 
tem is  made,  there  is  associated  with  that  estimate  a 
probability  of  it's  being  incorrect.  The  lower  such  an 
estimate  of  reliability  (expressed  as  a probability  of 
"at  least"  a given  fraction  of  successes),  the  higher  is 
the  probability  of  the  estimate  being  correct.  The 
estimate  of  the  reliability  can  be  denoted  in  the 
present  case  by  Rp,  the  probability  of  the  estimate 
being  correct  will  be  called  the  confidence  coefficient 
(denoted  by  the  subscript  g );  the  interval  between 
the  reliability  value  given  and  unity  is  called  the  con- 
fidence interval.  A probabilistic  interpretation  of 
these  concepts  is  that  if  in  many  empirical  trials  with 
F failures  out  of  a total  of  N trials,  the  reliability  is 
estimated  to  be  at  least  Rg.  then  the  estimate  will  be 
correct  on  the  average  of  at  least  g (percent)  of  the 
time. 

In  order  to  compute  Rg,  it  must  be  recalled  that  if 
the  true  reliability  is  R,  then  in  a single  use  of  the  sys- 
tem the  probability  of  failure  is  (1-ff)  and  the  prob- 
ability of  success  is  R.  Using  the  Binomial  Distribu- 
tion described  above,  the  probability  of  F or  less  fail- 
ures in  N trials  is  given  by: 

I (l-RI'R^Nf/iKN-l)  7-156 

imo 

As  R decreases,  the  values  obtained  from  equation 
7-156  also. decrease;  the  estimate  Rg  will  be  that 
value  of  R which  causes  equation  7-156  to  be  equal 
to  1-tf,  for  then  the  probability  of  obtaining  more 
than  F failures  in  N tests  will  be  g.  If  F is  small  while 
N is  large  (that  is,  if  there  are  not  many  failures  in  a 
large  number  of  parachute  uses)  the  Poisson  approx- 
imation to  the  Binomial  may  be  used 

1-g*£  N>  <1-R)'tNI t-M/if  7- 1 57 
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When  Rg  is  computed  from  equation  7-157  , it  is 
possible  to  state  that  the  reliability  lies  between  Rg 
and  1,  with  the  assurance  of  being  correct  given  by 
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the  confidence  coefficient,  g. 

■ To  facilitate  computations  of  R to  a given  confi- 
dence coefficient,  tables  have  been  developed  and  are 
presented  in  Reference  500.  Values  taken  frcm  these 
tables  for  90.  95  and' 99  percent  confidence  coeffi- 
cients are  plotted  in  Fig.  7.52.  To  Calculate  the  reli- 
ability at  the  selected  confidence-coefficient  from  N 
trials  with  F failures,  the  plot  is  entered  at  F.  and  the 
value  for  the  computation  factor  read  from  the 
appropriate  curve.  Then,  reliability  with  the)  chosen 
confidence  coefficient,  Rg.  is  computed  from 
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The  choice  of  the  confidence  coefficient 
interval  reliability-analysis  depends,  to  some 
upon  the  objectives  of  the  evaluation.  Of  cou 
desired  confidence-coefficient  may  be  used  in 
culations,  although  in  practice  the  choice  o< 
percent  confidence-level  will  obviously  result 
ability  of  zero,  unless  the  parachute  under  an 
absolutely  perfect  and  can  never  fail.  In  the  chj< 
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a confidence  coefficient  for  calculation,  it  must  be 
realized  that  the  higher  the  confidence  coefficient 
used,  the  lower  the  reliability  computed  for  the  same 
set  of  data  (and  the  higher  the  failure  rate),  and  vice 
versa. 

The  choice  of  confidence  in  practical  cases  tends 
to  be  dictated  by  the  amount  of  test  data  available 
for  the  evaluation.  As  can  be  seen  from  Figure  7.53 
the  data  required  to  demonstrate  high  reliability  with 
very  high  confidence  is  quite  extensive,  even  if  no 
failures  at  all  are  encountered  in  the  testing.  Thus, 
unless  the  test  data  can  be  obtained  from  other  trials 
of  the  system,  made  for  purposes  other  than  reliabil- 
ity testing,  the  cost  of  doing  the  testing  is  probably 
the  controlling  factor  in  the  choice  of  confidence 
coefficient.  Studies  of  the  amount  of  testing  required 
versus  the  optimum  confidence-coefficient  for  calcu- 
lation (Ref.500)  indicate  that  90  percent  confidence  is 
probably  the  best  choice  for  most  computations  of 
reliability.  By  working  at  this  level,  the  evaluating 
agency  gets  the  greatest  return  for  a given  amount  of 
test  effort. 


Figure  7. 53  Reliability  of  Levels  for  a Series  of  Tests 
with  and  without  Failures 


The  major  advantage  of  the  confidence-interval 
estimate  of  reliability  over  the  point  estimate  is  the 
fact  that  the  confidence  coefficient  expresses  the 
degree  of  reliance  which  the  evaluating  agency  may 
place  in  its  results.  Obviously,  if  the  reliability-eval- 
uation of  a given  parachute  system  is  based  only  on  a 
limited  number  of  trials,  there  is  the  possibility  that 
in  the  next  series  of  trials  the  results  will  be  some- 
what different.  The  point-estimate  tends  to  ignore 
this  fact; ' the  confidence-interval  estimate  expresses 
numerically  the  probability  that  the  failure  rate  on 
the  next  series  of  trials  may  be  different  from  that 
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used  in  the  computations.  The  disadvantages  of  the 
latter  estimate,  of  course,  are  the  requirement  for 
larger  amounts  of  data  and  a somewhat  more  com- 
plex method  of  computation. 

In  the  discussion  of  both  point  estimates  and  con- 
fidence-interval estimates  above,  the  viewpoint  taken 
was  that  of  the  single-canopy  system.  • In  many  para- 
chute applications,  instead  of  a single-canopy,  multi- 
ple Canopies  are  used,  either  in  clusters  or  in  sequence. 
Reliability  data  obtained  on  a single  canopy  may  be 
applied  to  either  type  of  multiple-canopy  used,, if  due 
allowance  is  made  for  the  effects  of  simultaneous  or 
sequential  use  of  the  canopies  on  the  reliability  of  the 
complete  system.1 

In  the  case  of  canopies  in  clusters,  it  is  necessary 
to  determine  the  number  of  canopies  which  must 
operate  successfully  to  decelerate  the  load  to  the 
velocity  required  for  a successful  drop.  If  it  is  found 
that  all  canopies  which  are  used  must  operate,  then 
the  overall  reliability  of  a system  with  clustered 
canopy  system,  ^ m ' is  equivalent  to  the  reliability  of 
an  individual  canopy.  R,  raised  to  the  power  of  the 
number  of  canopies  used,  N 

RN  7-159 

If  a successful  drop  requires  fewer  than  the  total 
number  of  canopies  used  (/»  = number  actually  re- 
quired), the  overall  reliability,  of  the  system  may 
be  calculated  from: 
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where  P ^ = probability  of  failure  of  the  entire 
cluster 

Pr  = probability  of  failure  of  r identical 
canopies 

N = number  of  canopies  in  the  cluster;  and 

m ,=  maximum  number  of  canopies  that 
can  fail  without  affecting  the  mission 
Then  the  overall  reliability  of  the  system,  R ’m  (when 
N exceeds  n),  can  be  expressed 

pmm1~pd  7-161 

In  the  case  of  multi-stage  systems,  in  which  each 
canopy  must  open  sequentially  to  decelerate  the  load, 
the  reliability  of  each  canopy  is  considered  as  a series 
term  in  a simple  product  model. 


Component  Reliability  Analysis 

The  case  in  which  there  are  sufficient  test  data  on 
the  complete  parachute  system  to  allow  assessment  of 
reliability  on  either  a point  or  a confidence-interval 
basis  is  the  exception  rather  than  the  rule.  Of  course, 
in  the  analysis  of  parachute  designs  before  the  system 
is  actually  built  and  tested,  there  can  be  no  test  data. 
In  the  case  of  systems  under  development,  the  tests 


are  generally  conducted  . at  varying  altitudes  ana 
speeds,  and  under  varying  load-conditions  to  establish 
engineering  parameters,  so  that  the  data  are  rarely 
collected  under  conditions  homogeneous  enough  to 
allow  good  reliability  estimation.  Thus,  it  is  neces- 
sary to  Wave  some  other  method  of  assessing  the  reli- 
ability of  parachutes. 

ProAict  Rule.  Since  any  parachute  system  may  be 
resolved  into  a series  of  individual  components,  and 
since  it  can  be  demonstrated  that  the  reliability  of  the 
overall  system  is  equivalent  to  the  p'oduct  of  the  reli- 
ability of  each  of  its  individual  components  (Ref.  551 ) 
an  analysis  of  the  reliability  of  the  components  of  the 
system  allows  the  synthesis  of  a reliability  value  for 
the  complete  system.  The  basic  mathematical  model 
used  in  this  case  is  simple;  the  system  reliability  (R) 
is  equal  to  the  product  of  the  component  reliabilities 
IRC): 

R = nRc  7-162 

This  model  allows  the  reliability  evaluation  to  take 
into  account  all  of  the  mechanical  factors  involved  in 
the  parachute  operation  from  the  start  of  deployment 
until  touchdown,  or  during  any  portion  of  the  opera- 
tion desired,  as  the  basis  for  the  reliability  evaluation. 
However,  a major  factor  in  parachute  reliability  is 
human  error  in  the  parachute-packing  process.  Thus, 
it  is  necessary  to  introduce  another  term  in  the  model 
to  take  into  the  failure  due  to  this  human  error.  This 
term,  called  the  operational  reliability  term,  Rp.  is 
used  as  an  additional  portion  of  the  product  expres- 
sion: 

7-163 

If  desired,  an  additional  term  may  be  included  h 
this  model,  as  another  factor  in  the  product,  to  repre- 
sent the  probability  of  an  error  in  rigging  causing  sys- 
tem failure.  As  discussed  previously,  this  is  a matter 
of  choice  on  the  part  of  the  evaluation  agency.  Gen- 
erally, rigging  errors,  which  seem  to  occur  most  often 
in  parachutes  which  are  used  for  heavy-cargo  drops, 
are  not  considered  part  of  the  parachute-reliability 
study. 

Evaluation  of  Component  Terms.  The  evaluation 
of  the  terms  in  the  model  in  the  process  of  reliability 
analysis  of  a specific  parachute-system  may  be  divid- 
ed into  two  major  types  of  tasks:  the  evaluation  of 
component  terms;’  and  the  evaluation  of  the  opera- 
tional term.  In  such  an  evaluation,  it  is  possible  to 
work  toward  a point-estimate  or  a confidence-interval 
estimate  of  the  system  reliability,  although,  of  course, 
the  data  requirements  for  an  interval-estimate  are 
considerably  more  stringent  than  for  a point-estimate. 
In  general,  when  parachute  designs  are  being  evalua- 
ted for  potential  reliability  prior  to  the  actual  con- 
struction of  hardware,,  it  will  ■ be  quite  difficult  to 
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obtain  enough  data  of  the  type  required  to  permit 
confidence-interval  estimates,  unless  the  parachute 
system  uses  at  least  some  components  that  have  been 
previously  used  in  other  systems,  and  for  which  per- 
formance data  are  available.  In  the  case  of  parachute 
systems  which  are  in  the  development  or  test  phases, 
and  upon  which  some  performance  data  are  available, 
confidence-interval  estimates  of  reliability  can  be 
made  in  a great  many  cases. 

For  the  analysis  of  the  reliability  of  a parachute 
system  using  the  product-rule  reliability  model  (for 
either  point  or  confidence-interval  evaluations)  data 
will  be  required  on  the  performance  of  all  critical 
components  of  the  parachute  system;  generally,  this 
includes  the  suspension  lines  and  risers,  the  hardware 
devices  which  are  critical  to  system  operation,  and 
any  mechanical  actuators,  control  components,  etc., 
which  must  operate  properly  for  the  system  to  per- 
form its  mission  successfully.  It  is  not  necessary  to 
have  performance  data  on  every  component  of  the 
parachute  system  to  evaluate  reliability;  only  those 
components  most  likely  to  experience  failures  are 
actually  studied  in  detail  in  the  analysis. 

The  best  data  for  use  in  the  reliability  analysis  is 
actual -performance  data  obtained  on  the  components 
in  previous  use  under  conditions  similar  to  the  use  of 
the  system  under  analysis,  or  in  tests  which  closely 
simulate  the  conditions  of  use.  In  some  cases,  it  is 
possible  to  obtain  such  data  on  virtually  every  com- 
ponent of  the  parachute  system;  this  is  true  for  those 
systems  which  are  made  up  of  components  which 
have  been  used  in  other  systems.  Generally  however, 
for  systems  which  are  relatively  new  in  design,  such 
data  will  be  available  only  for  the  standardized  hard- 
ware items  such  as  reafing-line  cutters,  interstage  dis- 
connects, or  standard  components  from  which  such 
disconnects  are  built  up,  and  similar  components. 
Despite  the  smallsize  of  these  components  in  relation 
to  the  major  canopy,  if  their  function  is  essential  to 
the  operation  of  the  system  their  importance  from  a 
reliability  viewpoint  is  as  great  as  that  of  the  canopy. 

Where  test  data  are  available,  tne  reliability  of  the 
part  is  computed  in  precisely  th:  came  manner  as  for 
the  reliability  of  the  overall  system  as  discussed  under 
overall  system  reliability  starting  on  page  392  . For 
a point-estimate,  the  failure  ra’e  of  the  observed 
sample  is  taken  as  the  desired  component  failure  rate. 
For  a qonfidence-interval.  estimation  the  data  in  Fig. 
7.52  are  applicable,  or  Reference  500 , 

In  many  actual  cases  of  reliability  analysis  of  new 
parachutes,  either  in  the  desig . stage  or  in  actual 
development-testing,  it  will  be  found  that  while  reli- 
ability data  can  be  developed  for  most  mechanical 
and  hardware  components,  the  canopy  and  its  sus- 
pension lines  (and  genefally  the  risers,  if  any)  are 
unique,  and  have  not  had  enough  use  or  testing  to 


allow  reliability  analysis  from  actual  performance 
data.  In  such  cases,  if  even  limited  test-data  are  avail- 
able, it  is  possible  to  use  a method  of  analysis  which 
compares  the  distribution  of  the  strength  of  the  com- 
ponents under  study  determined  from  tests  of  the 
materials  from  which  they  are  constructed  and  from 
other  considerations  to  be  discussed  below.  Studies 
of  suspension-line  riser  load-distributions  and  of  the 
strength  distributions  of  parachute  fabrics  (Ref.500) 
indicate  that  both  these  distributions  are  essentially 
normal;  that  is.  the  spread  of  values  obtained  from  a 
large  series  of  tests  may  be  described  by  the  normal 
probability  density  functions  (Ref.  575); 

1 (x-in2 

f(x)  = W2?  (exf>r  ~2°T  . 7‘164 

where  a = standard  deviation  ofx 
and  x = mean  of  x 

The  characteristics  of  this  probability  function  are 
such  that  for  any  given  series  of  test  results,  the  prob- 
ability of  occurrence  of  a specific  value  is  equivalent 
to  the  integral  from  zero  to  the  desired  value,  or 
equivalent  to  the  area  under  the  normal  curve  up  to 
the  ordinate  of  interest  (see  Figure  7.54).  Thus,  if 
the  distribution  of  stresses  on  the  suspension-line  or 
riser  and  the  distribution  of  strength  of  the  materials 
from  which  it  is  made  are  both  normal  and  are  plot- 
ted on  the  same  set  of  axes,  the  probability  of  the 
stress  exceeding  the  strength  is  equivalent  to  the  area 
of  intersection  of  the  two  distributions  (Fig.  7.55). 
The  probability  of  failure  may  be  analyzed  by  study- 
ing the  characteristics  of  the  strength  distribution  and 
stress  distribution  for  a specific  canopy.  Methods  for 
performing  this  analysis,  and  tables  and  graphs  which 
facilitate  computation,  are  presented  in  Reference  500. 
The  data  requirements  are  essentially  a series  of  test 
results  on  samples  df  the  parachutes,  obtained  under 
reasonably  consistent  conditions,  and  information  on 
the  strength  distribution  of  the  fabric  materials.  Test 
results,  of  course,  must  be  obtained  from  a specific 
test-program;  one  is  generally  conducted  during  the 
parachute-development  process.  Data  on  strength  of 
materials,  including  both  means  and  standard  devia- 
tions as  required,  are  presented  in  Reference  500  for 
most  of  the  commonly  used  parachute  webbings, 
tapes,  and  cords. 

It  must  be  realized  that  the  construction  of  the 
parachute  does,  to  some  extent,  change  the  strength 
characteristics  of  the  fabrics  from  which  they  am 
made.  The  primary  problems  here  are  the  effects  of 
sewing  on  fabric  strength  and  the  effects  of  the  use  of 
multiple  layers  of  fabric  on  both  strength  and  stand- 
ard deviation  of  strength.  Means  for  allowing  for 
such  factors  are  discussed  in  detail  in  Reference  500 
based  on  the  results  of  studies  of  stress  on  materials 
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described  in  References  285  and  552. 

Where  test  data  from  which  load-distribution 
information  can  be  derived  are  not  available,  it  is  pos- 
sible to  utilize  engineering  estimates  of  component- 
reliability  for  those  portions  of  the  system  for  which 
no  data  can  be  obtained.  This  will  usually  be  the  case 
in  reliability  analysis  of  parachute  designs  prior  to  the 
start  of  development,  arid  possibly  in  the  case  of 
items  in  development  for  which  test  programs  have 
not  yet  been  run.  These  estimates  should  be  based  on 
performance  records  of  similar  componerits,  engineer- 
ing analysis  of  the  design,  and  experience  with  reli- 
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Figure  7. 55  Exaggerated  Stress-Strength  Distribution 

ability  prediction.  Of  course,  it  will  not  be  possible 
to  utilize  such  data  in  interval-type  estimates,  but 
they  are  adaptable  to  point-estimates  if  no  other 
means  of  reliability  analysis  of  the  specific  compo- 
nent are  possible.  Such  estimates  should  be  used  with 
caution,  since  it  must  be  realized  that  the  reliability 


of  every  component  of  the  parachute-  system  is 
important  to  overall  reliable  performance  in  trie 
mission. 

Evaluation  of  Operational  Terms 

The  operational  term  in  the  product-reliability 
model,  Rp.  represents  the  probability  of  correct, 
error-free  packing  of  the  parachute  into  its  deploy- 
ment bag  or  other  container.  According  to  the  de- 
sires of  the  evaluating  agency,  and  if  data  are  avail- 
able, it  may  also  include  the  probability  of  correct 
stowage  of  the  deployment  bag  into  a compartment 
on  the  load,  such  as  the  recovery-parachute  compart- 
ment in  the  drone  or  missile,  the  deceleration-chute 
compartment  in  an  aircraft,  or  the  parachute  com- 
partment of  a special  weapon. 

Implicit  in  this  term  is  the  assumption  that  if  the 
parachute  is  properly  stowed  in  its  container,  the  de- 
ployment process  will  proceed  successfully.  This 
means  that  the  reliability  evaluation  is  assuming  that 
the  design  of  the  deployment  bag  or  other  container 
is  adequate  for  successful  operation  of  the  system. 
Such  an  assumption  must  be  based  on  a program  of 
good  deployment-bag  design  and  adequate  testing  to 
insure  that  the  design  is  successful.  With  parachute 
systems  in  the  development  process  this  is  no  prob- 
lem, since  if  the  canopy  does  not  deploy  from  the 
bag,  it  is  obvious  that  further  reliability  testing  is 
useless.  From  the  viewpoint  of  the  parachute  system 
in  the  design  stage,  prior  to  construction,  this  means 
that  the  reliability  being  evaluated  is  "inherent" 
reliability;  that  is,  the  reliability  which  can  be 
achieved  with  proper  deployment-bag  and  stowage 
design. 

The  evaluation  of  the  operatipnal  terms  should  be 
based  on  a statistical  study  of  previous  packings  of 
similar  canopies  in  similar  systems.  Data  for  the 
packing  of  relatively  large  canopies,  such  as  might  be 
used  in  cargo  drops,  missile  and  drone  deceleration, 
aircraft  deceleration,  and  weapons  delivery  have  been 
collected  and  analyzed  and  are  presented  in  Refer- 
ence 500.  These  data  are  in  a form  that  can  be  direct- 
ly applied  to  most  types  of  parachute  analysis.  In 
considering  personnel  parachutes,  it  is  strongly  rec- 
ommended that  a similar  type  of  study  be  done  on 
packing  errors  in  personnel  canopies,  since  here  the 
characteristics  of  the  canopy,  and  possibly  of  a por- 
tion of  the  packing  process,  are  somewhat  different. 

In  the  analysis  of  multiple-canopy  systems,  it  is 
necessary  to  include  one  packing-term  in  the  reliabil- 
ity modei  tor  each  canopy  used.  This  creates  no 
additional  complexity,  since  if  the  canopies  are  of 
similar  type,  the  same  reliability  value  for  the  packing 
process  can  be  used  for  each. 


Computation  of  Reliability 

The  computation  of  system  reliability,  once  data 
on  all  component  reliabilities  and  on  operational  reli- 
ability have  been  obtained,  is  a relatively  simple 
process.  As  can  be  seen  from,  equation  7-163  , the 
overall  reliability  is  the  product  of  all  the  component 
reliabilities  and  the  operational  reliability.  However, 
for  a system  with  a large  number  of  components,  this 
computation,  while  not  complex,  can  be  extremely 
laborious  if  one  term  is  included  for  each  component. 
The  computing  process  can  be  shortened  considerably 
by  including  only  those  terms  in  the  model  which  are 
of  numerical  significance  in  calculating  the  results. 
Obviously,  those  components  of  the  system  with  very 
high  reliability  will  not  affect  the  overall  system  reli- 
ability to  any  significant  degree  if  components  of 
lower  reliability  are  also  preseht.  (The  numerical 
values  of  reliability  range  from  zero  to  unity;  it  is 
ob'  ious  that  the  lowest  component-reliability  will 
have  the  greatest  effect  on  over-all  system  reliabihty. 
For  example,  if  a system  is  composed  of  three  com- 
ponents with  reliabilities  of,,  say  0.999,  0.999  and 
0.900  respectively,  the  overall  reliability,  the  product 
of  the  three  numbers,  will  be  0.898,  which  differs  by 
only  2/10  of  one  percent  from  the  value  for  that  of 
the  lowest  component,  0.900.) 

Thus,  a preliminary  analysis  of  the  parachute  sys- 
tem in  which  all  components  are  divided  into  two 
major  groups,  those  of  extremely  high  reliability,  and 
those  which  have  a possibility  of  having  lower  reliabil- 
ity. will  eliminate  a considerable  portion  of  the  com- 
putations. It  is  not  possible  to  write  hard-and-fast 
rules  for  the  classification  of  components  in  this 
process.  The  experience  and  judgment  of  the  engi- 
neer evaluating  this  system  is  the  key  factor  in 
making' such  decisions.  However,  it  may  be  pointed 
out  that,  in  general,  failures  which  will  affect  mission 
success  of  hardware  items,  deployment  bags,  reefing 
lines,  break  cords,  radial  canopy-reinforcements,  and 
other  similar  components  appear  to  be  so  rare  as  to 
be  generally  negligible  unless  the  parachute  system  is 
of  unusual  design.  On  the  other  hand,  consideration 
of  the  failure  rates  of  such  components  as  risers, 
bridles,  suspension  lines,  reefing-line  cutters,  and 
mechanical  disconnects,  will  probably  be  required  for 
most  systems. 

A preliminary  qualitative  analysis  of  a parachute 
system  to  select  those  components  known  to  be  very 
highly  reliable  can  thus  eliminate  terms  for  these 
■components  from  the  model,  and  considerably  simpli- 
fy the  computational  process. 

Once  the  list  of  components  to  be  considered  in 
the  final  reliability-computations  has  been  compiled, 
it  is  necessary  to  conduct  an  analysis  to  determine 
whether  these  components  are  series-components  or 


parallel-components  in  the  reliability  sense.  Theseries 
component  is  defined  as  one  which  must  operate  suc- 
cessfully if  the  parachute  system  is  to  operate  success- 
fully in  its  mission,  and  is  represented  by  a single 
term  in'  the  model.  One  example  of  such  a compo- 
nent is  a riser;  another,  generally,  is  a suspension  line, 
since  experience  has  shown  that  the  breaking  of  one 
suspension  line  throws  so  great  a load  on  the  neigh- 
boring lines  that  they  usually  break  also.  Parallel 
components  (those  which  are  designed  as  redundant 
sub-systems)  have  more  than  one  component  per- 
forming the  same  function,  where'  the  operation  of 
any  one  wili  insure  system  success.  An  example  is  in 
reefing-line  cutters,  where  two  or  even  four  may  be 
used  on  the  same  canopy,  and  the  functioning  of  any 
one  will  cut  the  reefing  line.  Another  example  of  this 
arrangement  is  inter-stage  disconnects,  where  two  dis- 
connect-mechanisms  are  often  installed  and  the  func- 
tioning of  either  will  serve  to  separate  the  stages.  The 
entire  redundant  system  is  represented  by  one  term  in 
the  model.  In  such  a case,  the  component-reliability 
term  for  the  model  is  calculated  from  the  redundant- 
reliability  formula:  for  any  number,  n.  of  parallel 
components,  the  reliability  of  the  parallel  (redundant) 
system  will  be: 

Rb  - 1 - <1-Rbl)  <l~Rb2>  • • • - (URbn>  7'165 

If  a point-estimate  of  reliability  is  made,  the  re- 
sults of  the  use  of  equation  7.165  are  the  desired 
value  for  substitution  for  the  redundant-component 
term  in  the  reliability  model.  If  a confidence-interval 
analysis  is  made,  and  all  the  reliability  values  for  the 
parallel  components  have  been  calculated  to  the  same 
confjdence  coefficient,  then  this  confidence  coeffi- 
cient is  the  one  applicable  to  the  term  used  in  the 
model.  If  the  redundant  systems  have  had  reliability 
calculated  to  differing  confidence  coefficients,  the 
overall. confidence  coefficient  will  be  that  of  the  low- 
est term. 

Once  the  final  component-list  for  the  analysis  has 
been  made  up,  and  the  redundancy  problem  has  been 
settled,  the. calculation  of  a point-estimate  of  system 
reliability  is  a'  straight  forward  task  of  taking  the 
product  of  the  operational  reliability  and  all  neces- 
sary component-reliabi'ities.  The  computation  of  a 
confidence-interval  reliability  estimate  requires  not 
only  the  application  of  the  product  rule  to  the  com- 
ponent and  operational-reliability  terms,  but  also  the 
computation  of  an  overall  confidence  coefficient. 
Mathematically  exact  computations  of  an  overall  con- 
fidence coefficient  for  a system  from  confidence- 
interval  reliability  values  for  i*s  components  is  an  ex- 
tremely complex  task.  However,  an  approximation 
method  has  been  developed  (see  Ref.500)  which  facili- 
tates this  computation  with  a minimum  of  mathemat- 
ical complexity.  Essentially  the  method  consists  of 


pre-selecting  the  final  confidence-coefficient  desired, 
and  then  computing  operational  and  all  component 
reliability-terms  to  such  confidence  coefficients  is 
equal  to  the  final  desired  confidence-coefficient. 
Details  of  the  method,  and  tables  which  facilitate 
selection  of  the  proper  values  of  confidence  coeffi- 
cient, are  presented  in  Reference  500 . 

The  only  addition  complexity  which  may  arise  in 
the  reliability  evaluation  is  that  of  a re-use  factor,  for 
those  parachute  systems  which  are  recoverable  and  re- 
usable after  the  mission.  As  was  explained  in  the 
introductory  portions  of  this  section,  it  is  necessary 
to  determine  whether  the  inspection  and  repair  proc- 
ess after  parachute  use  returns  the  parachute  to  an 
"as  new"  condition.  If  so,  the  reuse  factor  may  be 
ignored.  If  not,  it  is  necessary  to  make  some  sort  of 
engineering  judgment  as  to  the  effect  of  reuse  on  the 
strength  of  the  parachute  materials,  and  to  adjust  the 
stress-strength  computations  accordingly. 

Interpretation 

The  result  of  the  computation  of  the  reliability  of 
a parachute  system  by  the  methods  described  above 
can  be  used  to  evaluate  the  long-run  performance 
which  can  be  expected  of  large  numbers  of  such  sys- 
tems. It  must  be  emphasized  again  that  this  reliabil- 
ity value  does  not  reflect  the  absolute  performance  of 
any  individual  system.  It  merely  gives  the  “odds” 
that  an  individual  trial  of  the  parachute  will  be  suc- 
cessful. However,  th'e  process  of  reliability  evaluation 
has  broader  and  possible  more  valuable  applications 
than  the  single-number  overall  evaluation  of  potential 
system  performance. 

In  the  process  df  the  evaluation  of  the  component 
reliability  model,  the  individual  components  of  the 
parachute  system  most  likely  to  fail  are  evaluated,  as 
is  the  effect  of  the  possible  human  error  rate  in  manu- 
facturing, rigging,  and  packing.  These  sub-results  are 
really  the  key  to  the  study  of  the  potential  causes  of 
failure  in  a parachute  system,  as  well  as  a guide  to  the 
efficient  expenditure  of  effort  in  the  improvement  of 
system  reliability  (see  below). 

To  produce  the  most  efficient  parachute  system 
for  a given  cost,  efforts  should.be  concentrated  on 
achieving  approximately  the  same  degree  of  reliability 
for  all  components  and  for  the  packing  process. 
Effort  expended  in  this  matter  has  the  greatest  pay- 
off in  increasing  the  reliability  of  the  system. 

As  was  shown  previously,  the  level  of  system-reli- 
ability is  influenced  primarily  by  those  components 
with  the  highest  expected  failure-rates.  Since  the 
process  of  reliability  analysis'  detailed  herein  detects 
these  components  explicitly,  it  can  be  of  major  value 
in  locating  those  portions  of  the  parachute  system 
. upon  which  the  expenditure  of  further  development 


effort  will  most  improve  system  reliability. 

The  accuracy  of  the  results  of  the  reliability  assess- 
ments described  herein  will  depend  to  a considerable 
extent  upon  the  types  and  sources  of  data  available 
for  the  analysis.  The  interpretation  of  the  values  ob- 
tained must  be  made  in  light  of  the  auality  of  the 
data  used  in  the  reliability  assessment.  This  is  parti- 
cularly important  in  the  case  of  point-estimates,  since 
the  final  value  of  the  reliability  is  a single  number 
which  does  not  reflect  the  amount  of  data  nor  the 
quality  of  the  data  which  were  used  in  its  generation. 
In  the  case  of  a confidence-interval  analysis,  the  con- 
fidence coefficient  which  accompanies  the  reliability 
value  does  give  more  information,  at  least  from  the 
viewpoint  of  data  quantity,  than  in  the  point-estimate 
case.  Here  however,  the  quality  of  the  data  must  also 
be  assessed.  It  is  necessary  to  examine  carefully  all 
test  and  use  records  utilized  to  ascertain  whether  or 
not  the  conditions  of  use  closely  match  tnose  of  the 
analysis.  This  is  particularly  important  from  the  view- 
point of  loads,  deployment  speed,  and,  to  a lesser 
extent,  deployment  altitude. 
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CHAPTER  8 


DESIGN 


The  design  of  recovery  systems  and  decelerators  makes  varied  demands  on  the  state-of-the-art  over  a broad 
range  of  operational  conditions  and  complexity  of  performance  requirements  characteristic  of  modern  aerospace 
vehicles  and  research  instruments.  Most  new  applications  have  novel  features  calling  for  resourcefulness,  inno- 
vation, or  inventiveness  on  the  part  of  the  designer.  One  purpose  of  this  chapter  is  to  set  forth  various  design 
methods  apd  practices,  evolved  over  the  years,  affording  a maximum  probability  of  creating  a successful  product 
with  minimum  expenditure  of  time  and  funds. 

Decelerator  technology  has  benefitted  from  rapid  improvement  in  the  rigor  of  analytical  methods  made  possi- 
ble and  practical  by  development  of  complex  and  flexible  computer  programs  and  by  increasing  accessibility  of 
targe  digital  computers  to  the  industry  at  large.  White  empirical  data  and  full-scale  testing  are  still  of  major  :mpor- 
tance  to  the  design  process,  the  facility  with  which  system  and  component  designs  can  be  executed  and  analyzed, 
their  performance  predicted,  and  test  data  reduced  and  evaluated  has  both  speeded  the  design  process  and  improv- 
ed d-pth  and  quality  of  results.  A number  of  different  parachute  design  programs  are  now  developed  in  great 
detail.  With  the  input  of  a few  basic  system  parameters,  a comprehensive  series  of  similar  designs  can  be  compared 
with  respect  to  performance,  weight,  and  drag  efficiency  for  a single  application. 

Thus,  a parametric  analysis,  difficult  and  time-consuming  to  perform  only  approximately  by  hand,  can  be 
carried  out  quickly  and  precisely  by  the  computer.  Similarly,  test  data  processing  programs  exist  which  yield 
numerical  tabulations  and  graphical  plots  of  variables  as  functions  of  time  and  design  parameters.  The  ease  with 
which  complex  mathematical  models  can  be  repeatedly  exercised  in  the  computer  also  makes  it  possible  to  derive 
empirical  coefficients  through  sensitivity  studies  in  which  predicted  performance  is  brought  into  agreement  with 
measured  performance  in  successive  iterations. 

It  appears  the  time  is  rapidly  approaching,  or  has  arrived,  when  a decelerator  having  a specific  combination  of 
performance  characteristics  can  be  designed  in  toto  by  analytical  integration  of  various  physical  features  (e.g., 
shape  and  porosity  factors)  appropriate  to  the  dynamic  and  steady-state  environments  of  a given  application 
This  trend  is  well  developed  in  the  design  of  supersonic  drogues,  but  less  so  for  large  subsonic  canopies  in  which 
traditional  approaches  of  selecting  an  established  type  having  the  approximate  characteristics  desired  still  pre- 
dominates. Cf  course,  there  has  always  been  a propensity  among  innovative  designers  to  adopt  an  established 
canopy  type  which  most  closely  satisfied  requirements  and  then  attempt  fine  tuning  modification  of  existing 
shape  and  porosity  factors.  The  success  level  of  this  approach  has  varied  from  none  to  fair,  suggesting  the  need 
for  a clearly  defined  engineering  method. 

It  will  be  recognized  that  one  of  the  first  purposes  served  by  preliminary  design  and  parametric  analysis  of 
different  recovery  systems  is  to  support  a cost  effectiveness  study  to  establish  the  economic  feasibility  of  recover- 
ing a given  vehicle  or  payload.  On  occasion,  this  approach,  by  showing  expandability  to  be  the  least  costly  mode 
of  operation,  has  eliminated  the  recovery  subsystem  from  further  consideration  in  the  development  of  a vehicle 
system.  This  handbook  reflects  the  fact  that  decisions  arising  from  such  feasibility  analyses  in  most  instances 
are  positive. 

The  preceding  discussion  of  decelerator  performance  cnaracteristics  (Chapter  6)  and  analytical  methods 
(Chapter  7)  has  already  touched  on  a wide  variety  of  design  considerations  of  varying  scope  and  importance. 
The  purpose  here  is  to  set  forth  in  orderly  sequence  the  major  steps  in  decelerator  subsystem  and  component 
design  processes  and  to  identify  specific  practices  found  through  long  experience  to  yield  generally  satisfactory 
results.  The  procedure  neccessarity  begins  with  basic  precepts  largely  self-evident  as  fundamental  to  good  engi- 
neering practice  in  any  field. 

As  the  decelerator  must  be  integrated  with  the  recovery  subsystem  design,  so  the  recovery  subsystem  must  be 
integrated  with  vehicle  design  (even  if  superimposed  as  a kind  of  after-thought  on  an  existing  vehicle).  While  the 
basic  application  may  be  simple  and  performance  requirements  straightforward,  i substantial  quantity  of  back- 
ground information  must  be  obtained  and  accounted  for  to  ensure  complete  adequacy  of  the  new  recovery 
system  in  terms  of  flightworthiness,  serviceability,  durability  and  reliability.  One  method  of  obtaining  this  infor- 
mation is  to  perform  an  operational  analysis  of  the  vehicle  system  or  other  application  with  which  the  recovery 
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system  is  to  be  identified.  This  approach  should  begin  with  considerai  .:•»  of  materials  procurement,  acceptance 
testing,  component  fabrication  subsystem  assembly,  packaging,  and  storage,  then  follow  through  the  installation, 
pre-fiiyht  checkout,  vehicle  operation  environments,  subsystem  operations I environments,  retrieval  methods,  and 
requirements  for  refurbishment  and  reuse.  Critical  factors  and  important  interfaces  with  other  vehicle  subsystems 
wili  expose  unnecessary  requirements  which  have  been  introduced  into  the  system  design  specification  by  intui- 
tive judgements. 

Char/y,  the  n.covery  subsystem  requirements  should  not  specify  use  of  any  particular  method  or  device  with- 
out prior  comprehensive  comparison  anai\  sis  of  all  those  potentially  useful.  Development  risk  factors  merit 
special  emphasis.  In  the  past,  errors  of  judgement  in  this  area  have  led  vehicle  system  design  programs  into  costly 
development  work  centered  on  what  proved  to  be  an  essentially  unworkable  recovery  system  or  major  compo- 
nent thereof. 

This  chapter  follows  the  general  order  of  a decelerator  subsystem  design  procedure  starting  with  essential 
design  criteria  and  performance  requirements  and  proceeding  through  component  selection  criteria,  sizing,  staging, 
performance,  opening  loads  analysis,  strength  of  materials  and  weight,  packaging  installation,  and  choice  of 
deployment  methods. 


DESIGN  CRITERIA 

The  recovery  system  must  be  designed  to  perform 
its  functions  of  deployment,  deceleration,  stabiliza- 
tion, descent  control,  and  termination  or  landing 
without  imposing  detrimental  loads,  deformation, 
vibrations  or  impact  shocks  on  the  towing  body 
l person , vehicle,  payload,  etc.)  or  on  components  of 
the  recovery  system  itself. 

Towing  Body  and  Mission  Constraints 

Primary  recovery  system  design  criteria,  are  em- 
bedded in  the  physical  characteristics  of  the  towing 
body,  payload  or  vehicle,  its  performance  envelope, 
tolerances  for  deceleration,  shock  and  vibration,  and 
its  mission.  These  define  requirements  and  constraints 
for  design  of  the  recovery  subsystem,  including: 
Velocity /altitude  profile  for  initiation  of  the  decel- 
erator subsystem. 

Required  or  allowable  descent  velocity  components 
(vv  & vH)  at  a given  altitude. 

Allowable  load  factors  on  all. axes  [Gx  y z) 
Environmental  factors: 

On-board  storage  temperature. 

Nature  of  landing  surface. 

Surface  wind  velocity. 

Location  and  volume  of  stowage  space. 

Allowable  weight  of  decelerator  subsystem. 
Location  and  strength  of  suitable  hard-points  for 
harness  attachment. 

Decelerator  Subsystem  Characteristics 

Usually  it  is  evident  from  operational  requirements 
that  the  basic  decelerator  system  should  be  of  a speci- 
fic type,  e.g. : 


Ballistic 

Gliding,  non-steerable 
Gliding,  steerable 

When  the  choice  of  subsystem  type  is  not  clear,  com- 
parative analysis  becomes  necessary,  employing  some 
form  of  value  matrix  to  establish  figures  of  relative 
merit  for  the  variety  of  subsystems  available.  Discrim- 
ination rannot  be  based  solely  on  weight  and  effi- 
ciency factors  because  of  significant  differences  in: 
Aerodynamic  characteristics  ( CA.Co0 . L/D). 
Development  status  and  available  performance  data 
Complexity  and  economy  of  fabrication 
Dynamic  response  and  stability 
Reefing  characteristics  and  opening  load  factors 
Serviceability  and  reliability 
Control  system  requirements 
General  compatibility  with  vehicle  mission 
When  quantitative  evaluation  of  a given  factor  is  not 
feasible,  a qualitative  value  judgement  must  be  made, 
guided  by  such  relevant  experience  as  can  be  brought 
to  bear.  One  method  is  to  make  all  quantitative  eval- 
uations possible  and'  then  distribute  copies  of  the 
matrix  to  qualified  personnel  with  a request  to  esti- 
mate relative  merit  of  the  system  for  each  factor 
within  the  individual's  competence  to  judge.  Then 
one  or  more  candidate  systems  can  be  selected  for 
preliminary  design  studies. 

The  Ballistic  Decelerator.  The  ballistic  decelerator 
in  its  most  general  form,  consists  of  one  or  more  main 
parachutes  and  one  or  more  drogue-chutes  with  suit- 
able staging  controls,  actuators  and  deployment  aids. 
Upon  deployment  of  the  first  stage  drogue,  the  lift  of 
the  vehicle  is  largely  neutralized,  and  the  system 
follows  a simple  ballistic  trajectory  un-ii  it  has  decel- 
erated to  a Velocity  such  that  wind-shear  begins  to 
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' have  a significant  effect  Thereafter,  continued  decel- 
eration is  attended  by  increas-ng  wind  shear  defied 
lions  and  the  system  arrives  at  the  landing  surface 
drifting  with  the  prevailing  wind. 

The  criteria  governing  selection  of  the  type  of 
mam  parachute  for  a given  application  include  the 
following, 

at  Opening  reliability  is  well  established  and  can 
be  demonstrated  over  the  full  range  cf  re- 
quired deployment  conditions. 

bl  Opening  shock  characteristics  both  reefed  and 
non-reefed  at  the  appropriate  system  mass 
ra'tios  are  acceptable. 

cl  Static  and  dynamic  stability  charac’eristics  are 
within  acceptable  limits. 

d!  Drag  tetficient  fCpg)  .s  a max  imum  compat- 
ible with  other  required  performance  charac- 
teristics. 

e)‘  Construction  is  compatible  with  requirements 
for  a high  specific  drag  area  (CDS/WP)  in  the 
final  design. 

One  of  the  final  design  requirements  is  the  termi- 
nal rate  of  descent.  ve  If  the  rate  of  descent  is  speci-. 
fied  as  an  allowable  maximum.  ve  then  a reason- 
able design  value  is  vg  - vem/1.06.  which  ailcws  a 
roughly  two-sigma  deviation  for  most  parachute 
systems  21 7The  specified  landing  altitude  and  a stand- 
ard atmosphere  table  yields  both  the  air  densm/.  p, 
and  o"/*.  from  which  the  design  equilibrium  dyr  ’mic 
pressure,  qg,  may  be  calculated  by  one  of  two  simple 
methods  from  the  design  rate  of  descent  vg  (TAS) 

* f>v* /2  * Poveo2 /2  8-1 

It  is  helpful  to  know  vgQ  for  use  later  in  determining 
the  main  parachute  drag  coefficient,  and  also  in  deter- 
mining the  true  rate  of  descent  at  other  altitudes  as 
follows 

At  ordinary  altitudes  Vg-vgQO'*  6-2a 

At  very  high  altitudes  vg  • v#£)o'*  t*  8-2b 

Where  the  appropriate  density  and  gravitation  factors 
may  be  read  from  the  curves  of  F igure  8 1 

For  rates  of  descent  of  25  fps  {E AS)  or  less,  the 
canopies  of  highest  draq  efficiency  are  of  the  solid- 
cloth,  biaS-cut  construction  and  differences  in  over- 
all performance  between  the  best  flat  circular,  coni- 
cal. polyconical  and  10%  extended  skirt  types,  are 
essentially  negligible,  all  having  nearly  the  same  basic 
inflated  shape  and  total  porosity  Thus,  the  design 
reference  draq  coefficient  Co  can  be  determined  on 
the  basis  of  vg  m 25  fpt  FAS  without  selecting  the 
specific  canopy  type  to  be  used  The  constructed 
shape  can  be  defined  later  on  the  basis  of  other  con- 
siderations. 


For  rates  of  descent  greater  than  25  fps  (EAS),  the 
car-cpies  of  highest  drag  efficiency  are  the  flat  circu- 
lar (solid  cloth),  10%  extended  skirt  and  the  Ringsail 
with  lg/D0  = 1. 15-1.2.  Of  these,  the  flat  circular  and 
extended  skirt  designs  are  of  bias  construction  and 
the  Ri.ogsail  is  of  block  construction.  At  ve  - 25  fps 
tne  design  reference  drag  coefficient  can  fall  in  the 
range  of  Co0  ~ 0.85-0.90  for  ait  three  canopy  types. 
As  ve  increases  with  increased  unit  loading,  Cp0  de- 
clines rapidly  for  the  first  two  canopy  tvpes  but  levels 
off  at  a constant  value  for  the  Ringsail.  Thus,  for 
design  rates  of  descent  approaching  vg  = 30  fps,  the 


Figure  8. 1 Density  and  Gravity  Ratios  as  a 
Function  of  Altitude 

type  of  canopy  selected  can  make  a significant  differ- 
ence in  both  drag  efficiency  and  systems'  growth 
potential  in  terms  of  later  increases  in  the  recoverable 

weight. 

If  the  system  rate  of  descent  at  sea  level  is  not  like- 
ly to  exceed  25  fps.  selection  of  canopy  type  can  be 
based  on  other  factors  such  as  non-reefed  opening 
characteristics.  Cx  and  Kf  stability,  and  specific  drag 
area.  However,  as  noted,  differences  in  these  per- 
formance characteristics  can  be  leveled  by  reefing 
(in  the  case  of  Cjy  differences  non-reefed),  or  they 
may  be  related  in  other  cases-  to  specific  details  of 
shape  and  construction.  Hence,  the  alternative 
approach  to  type  selection  would  be  to  specify  par- 
ticular characteristics  desired  and  integrate  the  gov- 
erning design  parameters  into  a total  parachute  design. 

Siting  the  Main  Parachute.  Since  more  than  one 
mam  parachute  may  be  needed,  t.e.,  a cluster,  given 
the  system  recoverable  weight.  Mf,  the  total  effective 
drag  area  required  is  indicated  by  £CpS  • W/qg 
Criteria  for  determining  the  need  for  a cluster  of 
identical  parachutes,  rather  than  a single  main  canopy 
include 

a)  A singlo  main  parachute  would  be  too  large. 
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too  heavy,  too  bulky  or  too  long  as  a single 
package  for  convenient  hanoimg  stowage,  etc. 
b)  The  single  parachute  would  be  too  slow  to 
open  or  not  sufficiently  stable, 
t)  The  non-synchrorous  inflation  characteristic 
of  cluster  paracnutes  is  either  acceptable  or 
will  be  regulated  by  a speca!  synchronizing 
mechanism. 

d)  The  system  reliability  goal  can  beattamed  more 
efficiently  with  a cluster  (e  g . Ac-oMo  ELS). 
When  the  num.oer  of  mam  parachutes,  n^,  has  been 
established,  the  required  drag  area  of  the  individual 
canopies  may  be  calculated,  eg..  C0S  * ZCDS/nc 
In  addition,  the  drag  coefficient  ratio  Coc/Cq0  can 
be  determined  with  the  aid  of  such  data  as  m Figure 
6.30  for  clustered  canopies. 

The  actual  surface  area  of  the  mam  canopy  is 
simply  Sa  « CdS/Cqc.  and  smee  Coc  * Cdo  for  the 
single  parachute  system,  the  appropr.ate  drag  coeffi- 
cient car  be  'obtained  from  empirical  data  such  as 


that  plotted  in  Figure 6.35  as  a function  of  ve  t E AS) 
Note  that  ve  (EASi  is  used  in  lieu  of  the  unit  canopy 
loading  W/CDS.  so  it  would  be  incorrect  to  employ  ve 
IT  AS)  at  altitude  for  this  determination. 

Numerical  Examples 

Sample  calculations  for  sizing  the  mam  parachute 
are  summarized  in  Table  8.1  for  three  differ snt  ballis- 
tic systems  designated  A,  B and  C.  in  which  the  sys- 
tem design  weight.  W.  includes  the  lecovery  subsys- 
tem weight. 

System  A calculations  in  Table  8 1 are 
straight-forward  through  LCqS  required.  Then 
we  enter  Figure  6.35  with  veQ  = 18.3  fps  to 
estimate  the  probable  best  Cqq  Note  however, 
that  CqS  * 754  ft1  calls  for  a relatively  small 
canopy,  and  Figure  6 63  indicates  that  the  10% 
flat  extended  skirt  models  are  best  performers 
in  this  size  range,  but  only  when  made  as  de- 


TABLE  8.1  SAMPLE  CALCULATIONS  FOR  SIZING  MAIN  PARACHUTE 


System 

A 

B 

C 

Given  Mr  tbs 

300 

4000 

' 50.000 

Maximum  R/Oftr*mf  fps(TAS) 

20 

25 

30 

Altitude  @ vgm  (*>  ft 

2000 

5000 

(S  L.) 

Design  vt“vgm/1.06  tps(TAS) 

189 

23  6 

28  3' 

At  altitude  o-H 

1.030 

1.077 

1 0 

»>0*V'o-#  fps 

18.3 

21.9 

283 

q9  PSf 

0398 

570 

0 952 

Required  ~CDS  1ts 

754 

7017 

■52,520 

Best  Cq0  (Fig.  6 35) 

098 

090 

089 

.Corresponding  ratio  lg/D0 

10 

10 

1.18 

Number  of  canopies  (r>c) 

1 

1 

3 

Est  Ratio  C0c7C0o  (Fig.  6 30) 

10 

10 

097 

Tentative  Ratio 

10 

, 1 1 

. 1 70 

Est  Ratio  Co0/C[)g  (Fig  6 61) 

10 

1 03 

1.13 

Design  Cqq 

098 

0 93 

0 92 

Canopy  area  Sg  fts 

769 

7545 

19.029 

Nominal  diameter  D0  ft 

31  3 

98 

156 
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sorbed  in  Reference  1.  With  the  support  of 
other  10%  extended  skirt  data  at  low  rates  of 
descent.  It  'S  reasonable  to  read  just  above  the 
top  broken  line  Cqq  = 0.98,  while  tne  corre- 
sponding rigging  ratio  is  seen  to  be  lg7DQ  » 1.0. 

The  shape  curve  (2)  in  Figure  6 61  discour- 
ages evaluation  of  optimum  line  length  for 
extended  skirt  parachutes  of  minimum  weight, 
i e.  no  apparent  advantage  is  to  be  gained  with 
a relative  line  length  other  than  unity.  Thus, 
no  correction  of  the  estimated  Cq  'S  |Ustified 
and  it  appears  that  a 31 .3  ft  (Da)  10%  extended 
skirt  parachute  of  optimized  detail  design  per 
Reference  1 wiil  provide  a sound  basis  for  pre- 
liminary design  of  System  A 

System  8 calculations  in  Table  8.1  are 
straight-forward  through  ZCpS  reauired.  This 
calls  for  a large  parachute,  i.e.,  Do>50  ft  as  an 
order  of  magnitude,  but  not  so  large  that  any 
great  benefit  would  be  derived  from  a cluster, 
except  for  special  considerations  which  might 
require  a shorter  filling  time,  better  stability, 
or  enhanced  reliability.  Both  filling  time  and 
reliability  of  a cluster  could  be  compromised 
somewhat  by  the  non-synchronous  filling  char- 
acteristic if  corrective  measures  are  not  taken 

Entering  Figure  6.35  with  vgQ  » 21.9  fps 
(EASI,  we  find  a probable  best  Cqq  * 0.90  for 
large  flat  circular,  conical  and  polyr.omcal 
canopies  with  lg/Da  • 0.95  - 1.0.  The  scale 
effect  is  already  accounted  for  in  this  size 
range,  as  shown  in  Figure  6 63  General  experi- 
ence with  other  large  parachutes  suggests  the 
possibility  that  the  optimum  rigging  length  for 
a parachute  of  minimum  weight  is  close  to 
!g/D0  » 1. 1.  This  can  be  verified  later  when  the 
required  strength  of  materials  has  been  deter- 
mined. Entering  Figure  6 61  with  lg/Da  • 1. 1. 
the  average  curves  (3),  (4)  and  (5)  for  flat  circu- 
lar canopies  is  approximately  Cd^C'Dq  “ 103, 
yielding  a design  CoQ  % 0.93. 

The  data  scatter  justifies  the  assumption  that 
either  aflat  circular, conical  orpolyconical  para- 
chute with  Dq  * 98  ft  and  !g/D0  m 1.1  would 
provide  a sound  basis  for  preliminary  design  of 
■ System  B The  term  polyconkef  could  be 
interpreted  to  embrace  the  bi-end  tri-conical 
versions,  and  it  is  generally  easier  to  obtain  a 
high  level  of  drag  efficiency  with  these  than 
with  the  more  conventional  flat  circular  para- 
chute design 

System  C calculations  in  Table  8 1 are 
straight-forward  through  ZCqS  required  A 
single  canopy  of  this  drag  performance  would 
have  a nominal  diameter  on  the  order  of  270  ft. 
Rather  than  risk  extending  the  state-of-the-art 


in  this  direction  (the  largest  known  parachute 
had ‘a  flat  canopy  of  200  feet  in  diameter382), 
the  better  part  of  valor  is  to  employ  a cluster  of 
identical  parachutes.  As  shewn  m Figure  6.30, 
the  loss  in  drag  efficiency -will  be  least  for  the 
smallest  number  of  member  canoc.es  and  a 
simple  trial  calculation  shows  nc  - 3 to  be  a 
reasonable  number,  with  Cqc,Cdq  = 0.97 
attainable  by  good  design.  Then  for  each  para- 
chute of  the  cluster 

CDS  = ICqS/3  = 17,507  ft2 

The  recommended  cluster  rigging  length  of 
Icj'D0  = n*  * 1.73  permits  each  parachute  to 
have  an  effective  line  length  of  at  least  >e700  - 
1.7.  Entering  Figure  6 35  with  v6o  = 28.3  fps, 
find  a possible  best  Cq0  = 0.89  for  Single  large 
Ringsail  parachutes  with  lg/D0  = 1.15  - 1.18. 

In  Figure  6 61  curve  (6)  v%lds  Cq0/C'qq  = 1.06 
at  lg/00  a 1. 18  and  Cq^C'Dq  - 1- 13  extrapo- 
lated to  V»o  ' 1?-  Thus,  the  corrected 
drag  coefficient  for  cluster  canopy  design  is 
Cqc  " (. 89)  (.97)  (1.13/1.06)  » 0.92  and  a 
cluster  of  three  156  ft  (Dq)  Rmgsail  parachutes 
with  lg/D0  **  1.7  and  Iq/D0 * 1.73  provides  one 
of  several  possible  bases  ior  the  preliminary 
design  of  System  C. 

Determination  of  Number  of  Suspension  Lines.  In 

all  circular  parachutes  (and  many  others)  the  number 
of  suspension  lines,  Z.  is  customarily  made  equal  to 
the  number  of  gores.  N.  to  maintain  structural  con- 
tinuity. An  old  rule  of  thumb  is  that  this  number 
should  be  approximately  equal  to  the  nominal  diam- 
eter of  the  canopy  (Dq)  in  feet  which  yields  a gore 
width  at  the  skirt  in  the  order  of  it  feet  In  general, 
Z - D0  for  lightweight  structures  but  Z">  D0  is  some- 
times justified  by  , scale  and  strength  .requirements. 
To  preserve  rotational  symmetry,  the  number  of  riser 
branches  Zr  above  the  confluence  point  is  matin  an 
even  number,  preferably  four  or  more.  Therefore,  it 
is  good  practice  to  use  Z » Da  fin  fpc;t)  an  even  num- 
ber divisible  by  four  or  six.  ‘ 

Determination  of  Suspension  Line  Length.  As 

shown  in  Figure  661  the  effective  rigging  length 
(Ig)  of  the  parachute,  has  a strong  influence  on  Coa 
through  its  effect  on  the  projected  areq  of  the  infla- 
ted canopy.  The  length  of  suspension  lines  (including 
riser  branches)  to  lie  specified  d '■pends  upon  the 
following  considerations 

Single  parachute  configuration  of  minimum  weight 
i.e..  maximum. specific  drag  area. 

Single  parachute  system  stability  (pendular  oscilla- 
tion amplitude)  if  critical. 

Number  of  parachutes  in  a cluster. 
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Figure  8.2  Pocket  Band  Dimensions  for  Circular  Canopies 


With  CDS  constant,  a simple  trade-off  study  between 
canopy  and  suspension  lines  for  i/Vp  * KjS0  + K^e 
wherein  Cq0  m fflgJ  as  in  Figure  6.61  will  show  that 
the  parachute  weight  is  a minimum  for  a particular 
value  of  >e/D0  m a single  parachute  system  it  is 
difficult  to  justify  use  of  other  than  the  optimum 
rigging  length,  but  in  some  cases  practical  considera- 
tions make  a deviation  beneficial. 

In  parachute  clusters  as  shown  in  Table  6.3. a gen- 
erally desirable  rigging  length  is  lc/D0  */»c*  most  of 
which  can  be  provided  by  suspension  lines  of  the 
member  parachutes.  A considerable  gain  in  both 
CpC  and  in  structural  efficiency  may  be  realized.  The 
latter  benefit  derives  from  differences  in  strength/ 
weight  ratios  ot  materials  and  a cluster  riser  design 
factor  which  is  usually  larger  than  the  parachute 
suspension  line  design  factor. 

Scale  Effect  on  Cpg.  If  the  type  of  parachute 
selected  shows  a marked  variation  of  drag  coefficient 
with  scale,  as. shown  in  Figure  6.63,  this  should  be 
taken  into  account  in  the  final  evaluation  of  S-  » 
C0SJC0o. 

Pocket  Bands.  Pocket  bands  are  indispensable  in 
some  circular  canopy  types  to  make  the  filling  time 
more  repeatable  about  its  minimum  value  through 
elimination  of  random  delays  in  the  start  of  infla- 
tion. Their  use  may  benefit  the  opening  of  other 
canopy  types  with  which  they  are  not  commonly 
associated  and  should  always  be  given  consideration 
early  in  the  design.  Pocket  band  dimensions  are 
standardized,  as  ind'eated  by  the  curves  of  Figure 
8.2.  It  is  important  to  use  lb  • 0.14et  constant, 
because  the  ratio  lg/et  corresponding  to  the  shape  of 
the  gore  bulges  in  the  fully  inflated  canopy  varies  in 
ways  that  are  not  easily  predicted.  In  the  extended 


skirt,  canopies  pocket  bands,  when  used,  are  placed 
on  the  skirt  at  alternate  line  junctions  only,  to  mini- 
mize restriction  of  the  perimeter  when  fully  inflated. 

Slot  Control  Tapes.  All  canopies  having  open  slots 
in  the  crown  area,  e g.,  ringslot  and  Rinasail,  require 
slot  control  tapes  to  help  regularize  the  inflation 
process,  (i.e.,  by  minimizing  the  time  required  for 
inflow  rate  to  build  to  and  exceed  outflow  rate)  As 
a' minimum,  the  single  center-line  tape  illustrated  in 
Figure  8.3  has  proven  effective  for  this  purpose.  The 
vertical  length  of  the  tape  from  the  vent  need  be  no 


Figure  8.3  Typical  Crown  Slot  Control  Tape  on 
Circular  Canopio* 
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TABLE  8.2  EFFECT  OF  SHORTENED  VENT  L'lWS  «y0o  = 0.W 


Vent  line  shortening  % 

a/a 

Canopy  'kDv/D0\[Nv/Iv) 

Added  circumferential  fullness  % 

more  than  0 50hs.  (Ref.  217  ) but  it  usually  is  made 
equal  to  the  gore  height  in  ringslct  canopies,  when 
only  one  vertical  tape  is  used  in  each  gore. 

Canopy  Fullness  and  Vent  Line  Shortening.  The 

inflated  shape  of  the  basic  circular  canopy  design  is 
frequently  modified  in  minor  ways  for  specific  pur- 
poses. mainly  stress  relief.  When  such  measures  are 
carried  too  far,  a major  deformation  of  the  canopy 
may  be  induced,  commonly  described  as  infolding, 
and  several  gores  can  be  affected.  This  deficiency 
can  be  avoided  by  following  good  design  practice. 

Stress  relief  of  critical  internal  loads  occurring  near 
the  vent  is  accomplished  with  an  increase  of  gore 
pattern,  width  across  the  crown  area,  reducing  the 
local  radius  of  fabric-bulge  curvature  between  radials. 
A similar  effect  is  obtained  by  the  simple  expedient 
of  making  the  vent  lines  somewhat  shorter  than  the 
nominal  vent  diameter.  However,  this  change  is  felt 
across  the  entire  canopy  and  reduces  the  constructed 
radius  proportionally,  while  total  cloth  area  and 
length  of  the  oerimeter  remain  unchanged.  When  the 
resultant  slack  in  the  cloth  exceeds  an  amount  which 
can  be  absorbed  circumferentially  in  the  normally 
inflated  canopy,  an  infolded  radial  crease  appears  *n 
one  side  and  the  tension  in  the  suspension  lines  attach- 
ed to  the  affected  gores  is  sharply  reduced.  Degraded 
aerodynamic  performance  and  structural  strength 
result 

A quantitative  appraisal  of  the  approximate  limit 
of  vent-line  shortening  which  may  be  used  is  indica- 
ted by  the  comparison  of  Table  8.2  in  which  the 
nominal  vent  diameter  is  10%  0Q,  i.t Sv  - 1%  Sq 
When  the  circumferential  fullness  added  to  the  nor- 
mal canopy  exceeds  ~0.6%,  infolding  is  possible  and 
one  or  more  gores' will  have  a tendency  to  tuck  in 
during  the  majority  of  tests  performed.  Therefore, 
unless  the  vent  diameter  is  less  than  10%  D0,  vent  line 
shortening  in  excess  of  5%  should  not  be  used.  More 
specifically,  the  product  (hly/IJ  (Dy/D0)  should  not 
exceed  0 005  Best  practice  remains  as  described,  and 
in  quantitative  terms,  very  adequate  stress  relief  can 
be  obtained  from  added  circumferential,  fullness  in 
the  crown  area  which  tapers  linearly  from  10%  at  the 
vent  band  to  zero  at  hf/ht  » 0.3-0.4.  No  shortening 


5 

10 

15 

20 

0.05 

0.10 

0.15 

0.20 

.005 

.010 

.015 

.020 

0.5 

1.0. 

1.5 

2.0 

of  vent  lines  is  recommended;  ordinarily  they  will  be 
measured  under  sufficient  tension  to  fall  a few  per- 
cent short  of  the  nominal  Dv. 

The  development  of  gore  coordinates  for  a circular 
canopy  of  general  profile  is  illustrated  in  Figure  8.4.. 
The  functional  relationship  between  the  profile 
dimensions  r'  and  h'  may  be  defined  by  the  designer 
to  satisfy  his  equirements  for  the  gross  inflated  pro- 
file, guided  by  experience  with  experimental  models 
of  many  different  sizes  and  shapes.  Within  limits,  the 
deviation  of  the  inflated  canopy  from  the  constructed 
profile  can  be  anticipated,  and  this  understanding 
utilized  to. minimize  the  high  hoop  stresses  character- 
istic of  a perfect  surface  of  revolution.  In  short,  the 
tendency  for  the  gores  to  bulge  outward  between  the 
radials  is  employed  for  stress  relief  so  that  additional 
circumferential  fullness  needs  to  be  added  toward  this 
end  only,  across  the  crown  area,  defined  by  dimen- 
sion hf.  Through  this  device  the'  fabric  piessure  loads 
are  transformed  into  radial  loads  and  the  radial  seams 
become  the  primary  load-bearing  members  of  the 
canopy  structure. 

Traditionally,  circular  canopies  of  all  sizes  have 
been  treated  as  polyhedral  forms  made  up  of  N flat 
gores  .with  the  coordinates 

e - 2 r’ sinll 80° /N)  8-3 

but  when  N > 24  the  difference  between  e and  e'  for 
a surface  of  revolution  is  entirely  negligible  and  it  is 
convenient  to  use  the  less  cumbersome  formula 

«'  - 2 nr'/N  8-4 

Similarly,  the  functional  relationship  between  gore 
height  dimension  h and  the  profile  dimensions  r'  and 
h'  may  be  simplified,  as  in  the  case  of  the  flat  canopy 
for  example. 

h * r'cot(180°/N) 

and  when  N > 24  the  difference  between  h and  r‘  is 
less  than  1 .0%,  or  for  practical  purposes,  h - r'  may 
be  used  in  the  gore  layout  of  large  flat  canopies. 

Modification  of  the  gore  coordinates  for  stress 
relief  in  the  crown  area  :s  generally  adequate  with 
t*v  « 0. 10ev  tapering  to  zero  at  hf/hs  » 0.3-0  4,  but 
there  i*  room  for  considerable  flexibility  here.  This 
methoo  of  introducing  circumferential  fullness,  for 
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Figure  8.4  The  Development  of  Gore  Coordinates  for  Circular  Canopy  of  General  Profile 


stress  relief  is  preferable  to  the  use  of  shortened  vent 
lines  because  it  is  both  more  selective  and  more  effi- 
cient. 

Note  that  the  nominal  gore  height  hs  extends  to 
the  apex  or  vent  center,  and  for  layout  of  shaped 
canopy  gores  may  be  divided  into  a number  of  equal 
segments,  6h,  usually  ten.  In  most  designs  the  curva- 
ture of  the  gore  sides  is  so  slight  that  an  excellent 
approximation  is  obtained  by  making  the  layout  with 
straight-line  elements  between  measured  points  of 
e/2  vs  h along  either  side  of  the  gore  centerline.  The 
flared-skirt  detail  also  may  be  added  with  straight-line 
elements  in  the  same  manner  used  for  the  extended 
skirt  gore  layout. 

Non-Uniform  Porosity  Distribution.  Non-undorm- 
ly  distributed  canopy  porosity  is  exemplified  by  para- 
chutes having  varying  slot  widths  between  horizontal 
ribbons  or  cloth  rings  or  a wide  annular  slot  at  some 
radial  location  between  the  central  vent  and  the  peri- 
phery of  the  inflated  canopy.  A very  wide  single  slot 
may  establish  a limiting  diameter  for  expansion  of  the 
inflating  canopy.  A canopy  can  inflate  to  a size  larger 
than  the  wide  slot  diameter  if  the  ratio  of  air  inflow 
to  outflow  remains  greater  than  unity;  so  that  a fav- 
orable pressure  distribution  is  maintained.  This  is 
strongly  influenced  by  the  mouth  inlet  area.  Infla- 


tion and  canopy  growth  will  stop  at  the  wide  slot  if 
the  outward  radial  pressure  on  the  skirt  is  insufficient 
to  overcome  the  inward  component  of  structural 
tension  resisting  expansion  of  the  canopy  mouth.  A 
skirt  reefing  line  will  have  this  effect  with  a wide  slot 
of  relatively  small  diameter,  e g.,  reefed  first  stage  of 
the  modified  Ringsail  of  the  Apollo  ELS.  A wide 
annular  slot  near  the  periphery  of  the  canopy  may 
limit  fhe  full  inflated  diameter  to  that  defined  by  the 
slot,  as  in  the  D-G-B  parachute  of  the  Viking  Mars 
Lender. 

In  this  form,  ventilation  concentrated  in  one  part 
Of  the  canopy  functions  as  a shape-controlling  mech- 
anism so  that  its  magnitude  in  terms  of  geometric 
porosity  may  be  less  important  than  its  location.  The 
cylindrical  skirt  (band!  of  the  D-G-B  outside  the 
"gap"  appears  to  function  as  a flow  spoiler  promoting 
rapid  vortex  shedding,  thereby  limiting  the  growth  o* 
the  lift-inducing  flow  pattern  which  drives  pendular' 
oscillations.  Minor  changes  in  the  fullness  and  angle 
of  attack  of  this  band  can  be  visualized  which  would 
significantly  augment  both  drag  and  stability  of  the 
parachute  as  a whole  while  a moderate  amount  of 
crown  ventilation  would  mitigate  the  high  opening 
load. 

Experience  with  the  much-used  slotted  canopy 
designs  (ribbon,  ringslot,  and  Ringsail)  has  established 
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recommended  nominal  total  porosity  levels  for  each 
which  decrease  with  increasing  scale  in  order  to  main- 
tain the  critical  opening  velocity  of  the  parachute  at  a 
safely  high  value.  Figures  8.5  and  8.6  provide  guide- 
lines for  the  design  of  ribbon  and  ringslot  canopies 
(flat  or  conical).  Similar  data  for  proportioning  the 
crown  slots  of  the  Ringsail  canopy  are  given  in  Ref. 
217  This  scale  effect  is  attributed  to  decreasing  Kap- 
lun number  or  increasing  relative  elasticity  of  the 
parachute  structure  with  increasing  size,  which  also 
causes  the  total  porosity  to  increase. 


/;  Porosity  for  Stabilization  Application* 
(CDo  - 0.45  to  0.43) 


II:  Porosity  for  Drag  Application* 


f igure  8.5  Total  Porosity  vs.  Canopy  Diameter  for 
Flat  Circular  Ribbon  Canopies 


I.  Porosity  X Recommended  for  Parachute* 
with  3 or  More  Vertical  Tape*. 

<Co0~  0.52  to 0.57) 

II:  Porosity  X Recommended  for  Parachute* 

with  1 Vertical  Tape. 

ICo0  m0.B2  to0.S7l 


Figure  8.6  Recommended  Total  Porosity  of 
Ringslot  Canopy  Designs 


Reefing  the  Main  Parachute.  Drag  area  staging  by 
reefing  is  the  recommended  first  step  to  take  (before 
inclusion  of  a drogue  chute)  after  determining  that 
the  opening  force  of  the  non-reefed  main  parachute 
would  be  excessive  when  deployed  at  any  of  the  de- 
sign conditions  on  the  given  velocity/altitude  profile 
of  the  body  or  vehicle  to  be  recovered. 

Criteria  defining  an  acceptable  peak  opening  force 
are  found  in  the  allowable  load  factors  for  the  vehicle 
. or  payload  and  also  in  the  allowable  weight  of  the 
decelerator  subsystem. 

The  main  parachute,  being  the  largest  component, 
gains  weight  rapidly  with  increases  in  the  design  limit 
opening  load.  Consequently,  it  is  good  practice  tb 
minimize  the  main  parachute  opening  forces  to  the 
extent  permitted  by  the  decelerator  subsystem  opera- 
tional requirements.  A load  factor  of  F/W  = 3 is  a 
reasonable  goal  for  many  applications. 

When  allowable  recovery  load  factors  are  relatively 
high,  the  design  limit  load  of  the  main  parachute  can 
be  governed  either  by  the  allowable  weight  criterion 
or  by  the1  strength  of  a lightweight  parachute  struc- 
ture which  will  satisfy  all  requirements  for  handling 
(repacking,  reuse,  etc.),  durability  and  serviceability. 
As  a minimum  example,  within  certain  scale  limita- 
tions, a parachute  made  of  1.1  oz/ydJ  nylon  ripstop 
with  suspension  lines  of  350  lb  nylon  cord  is  suffi- 
ciently durable  to  satisfy  many  - recovery  system 
requirements.  The  allowable  maximum  opening  load 
of  such  a parachute  can  be  quickly  estimated,  e.g., 
Fx  m CqSqs(Cx)  with  Cx  m flRfpi  in  Figure  6.25 
and  Rm  » (CDS)3/2/M.  The  utility  of  this  approach 
is  illustrated  with  a numerical  example  for  System  A 
(introduced  in  Table  8.1)  typical  of  a class  of  small 
RPV's  for  which  the  maximum  speed  at  recovery 
command  would  be  represented  by  v(jm  150-250. kts 
(E AS)  at  low  altitudes  (say  p * .0022 sl/ft3). 

The  parachute  with  £{,  - 31.3  ft  and  CgS*  754  ft2 
Would  normally  have  about  twenty-eight  gores  and 
twenty-eight  lines.  The  system  mass  ratio  is  Rm  * 4.9 
calculated  from  the  given  data  (M  * 300 /g  » 9.33  si). 
With  the  aid  of  Fig.  6.25,  we  can  estimate  Cx  ~ 0.04 
and  predict  probable  opening  forces  for  different 
deployment  velocities  in  level  flight  as  shown  in  Table 
8.3  using  Fx  r (.04)  754  qs  and  letting  vs  - v 

Comparing  these  forces  with  Fx  - 2PR/DF  - 5158 
lbs.,  where  P^  m 350  lbs  and  Dp  m 1.9,  we  see  the 
possibility  of  employing  a lightweight  parachute,  non- 
reefed,  at  recovery  speeds  up  to  200  + kts  (EASi  in 
level  flight,  provided  the  allowable  load  factor  of  the 
vehicle  is  greater  than  Gx  ~ 17.  Given  a lesser  load 
factor,  canopy  reefing  will  be  required  for  any  vehicle 
system  not  flexible  enough  for  acceptable  reduction 
of  recovery  speed  or  dynamic  pressure  at  deployment. 
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TABLE  8.3  SYSTEM  A OPENING  FORCES  (NON-REEFED) 


Deployment 

vd 

kts 

150 

200 

250 

(EAS) 

vs 

fps 

253 

338 

422 

psf 

76 

136 

212 

Opening: 

lbs 

2292 

4102 

6394 

Ratio 

FAV 

7.64 

13.7 

21.3 

The  opening  load  factor  method  of  load  prediction 
provides  2 convenient  tool  for  estimation  of  the  reef- 
ed drag  area  required.  With  vehicle  load  factor  given, 
the  maximum  allowable  opening  force  is  close  to 

Fx  = Wb  (Gx-sind)  - CDAqt  8-5 

Body  drag  (CDA  q)  may  be  neglected  when  it  is  small 
compared  to  Fx.  Given  the  dynamic  pressure,  qs,  the 
reefed  drag  area  should  not  be  greater  than 

(C0S)r-  Fx/qsCXf  8-6 

Further,  after  disreefing,  the  peak  opening  force  will 
not  exceed  Fx  if  the  dynamic  pressure  at  disreef  is 
limited  to 

* Fx/(CDSI0CXdr  8-7 

Equalization  of  Opening  Load  Peaks.  When  the 
vehicle  load  factor  governs,  equality  of  peak  opening 
loads  reefed  and  after  disreefing  is  the  usual  design 
objective  for  the  prime  design  condition  of  the  para- 
chute subsystem.  Secondary  design  conditions  tested 
after  the  reefing  ratio  has  been  established  may  cause 
the  reefed  opening  force  to  vary,  but  the  peak  open- 
ing force  on  disreefing  will  remain  essentially  con- 
stant because  the  disreef  dynamic  pressure  shows 
only  a small  variation. 

When  peak  opening  loads  exceed  allowable  max- 
ima with  one  stage  of  reefing,  a second  reefed  stage 
may  be  introduced.  The  length  of  the  reefed  intervals 
should  be  made  as  short  as  is  consistent  with  ade- 
quate deceleration  prior  to  disreefing.  While  a near- 
equilibrium descent  condition  may  be  attained  in  a 
few  seconds,  the  travel  distance  during  canopy  infla- , 
tion  is  critical  for  some  systems  (or  some  design  con- 
ditions), so  that  disreefing  may  be  tirped  short,  caus- 
ing the  dynamic  pressure  at  disreef  to  be  greater  than 
the  equilibrium  value  by  a factor  in  the  order  of  1.2 
— less  vyhen  the  flight  path  angle  at  disreef  is  small. 
This  may  be  estimated  for  preliminary  calculations. 

On  the  average,  a fair  estimate  of  the  reefed  drag 
area  required  can  be  made  quickly  by  letting  q(jr  - 

lid. 


where  qe  = W/[  (CDS)r  + CDA  ] 8-8  , 

When  the  canopy  growth  during  the  reefed  interval  is 
significant,  this'change  should  be  allowed  for  in  calcu- 
lations. One  method  of  estimating  the  reefed  drag 
area  required  is  illustrated  with  a numerical  example 
for  System  B,  introduced  in  Table  8.1 : 

Given: 


R ecoverable  weight  W - 4,000  lbs 
(M-  124.3  si) 

Main  canopy  CDS  - 7,017  ft2 

Altitude  h » 10J000  ft 

(p  - .00176  sl/ft3 ) 

Trajectory  angle  0 - -90°  (sin  6 - 1.0 ) 

Allowable  load  factor  Gx=*  6 
Vehicle  drag  area  CDA-4  ft2 

Calculations: 

Mass  ratio  Rm  - 0.0Q176 

(7,017)3/2/124.3 
- 8.32 

Disreef  openingload  factor  Cx£  0.20  (Fig.  6.25 ) 

Note  that  the  presently  unknown  weight  of  the  para- 
chute is  part  of  the  recoverable  weight,  but  like  the 
vehicle  drag,  is  generally  small  enough  to  be  neglected 
in  this  type  of  calcularion  where  Gx  is  applicable  to 
the  vehie'e  weight  only.  Thus,  the  allowable  opening 
load  on  disreefing  (by  Equation  8-5)  is  close  to 

Fx  - 4000(6-1)  - 20,000 lbs 

Then  the  dynamic  pressure  at  disreef  (Equation  8-7) 
should  not  exceed 

qdr  - 20,000/701 7 (.20)  - 14.25 psf 

and  the  reefed  drag  area  required  (from  Equation  8.8) 
is  approximately 

(CDS)r  - 1.1W/qdr-CDA 
- 309-4  - 305  ft2 


TABLE  8.4  PERMANENT  REEFING  SHAPE  AS  A FUNCTION  OF  NO.  OF  GORES 


Number  of  Gores  (N)  6 8 

n0  = N(sin1ff)(cos1ffi  2.598  2.828 

Reefing  Ratio  (D^/ 0o  s2h^.ll0  .707 


Note  that  vehicle  drag  is  negligible  in  the  disreef 
opening  load  calculation,  but  may  be  significant  in 
the  reefed  drag  area  estimate. 

This  method  of  making  a preliminary  estimate  of 
the  reefed  drag  area  is  not  concerned  with  either 
length  of  reefed  interval  or  the  reefing  ratio  needed 
to  determine  reefing  line  length.  It  simply  provides 
a starting  point  on  which  to  base  trajectory  compu- 
tations leading  to  a refinement  of  the  reefing  require- 
ments. The  resultant  variation  of  dynamic  pressure 
with  time  evaluated  along . with  opening  force 
calculations  indicates  the  reefed  time  delay  to  be 
specified  for  experimental  verification  later. 

Determination  of  Reefing  Line  Length.  The  reef- 
ed drag  area  required  is  often  determined  by  methods 
based  on  near-equilibrium  conditions  corresponding 
to  the  testing  methods  used  to  obtain  the  empirical 
data  represented  by  the  curves  of  f vs  Df/D0  plotted 
in  Figure  6.64.  This  provides  a convenient  means  of 
estimating  the  approximate  length  of  reefing  line  for 
a circular  parachute,  i.e.,  Ir  m rtDr.  The  result  should 
be  verified  experimentally  by  full  scale  aerial  drop 
tests  at  the  limit  design  conditions  when,  as  is  usually 
the  case,  opening  loads  are  critical  and  equal  peak 
loads  are  desired  for  each  stage  of  opening. 

Numerical  Example 

It  was  determined  that  for  the  given  conditions  of 
System  B (Table  8.1),  the  98  ft  D0  parachute  with 
(CpS)0  • 7017  ft 1 should  have  a reefed  drag  area  of 
(CpS)rm35t  ft2. 

The  length'  of  the  reefing  line  may  be  estimated 
as  follows: 

( -351/7017  * .0421 
In  Figure  6.64  the  curve  for  solid  flat,  etc., 
parachutes  yields 

Df/D0  - 0.087 (8.7% nominal) 

Dr  - (.087)  98  ~ 8.52  ft 
lf  - nDr  - 26.8  ft  (reefing  line  length) 

In  addition,  the  inflated  diameter, Dpr , of  the 
reefed  canopy  may  be  estimated  with  the  aid  of 


10 

12 

16 

20 

>24 

2.939 

3.00 

3.062 

3.090 

~7t 

.681 

.667 

.653 

.647 

.637 

Figure  6.65  for  use  later  in  calculating  the  reef- 
ing line  load. 

For  Dr/D0  = 0.087.  CDp/CD  - 0.40 

Given: 

Cq0  = 0.93  and  Dp/D0  = 2/3 

CDpo  - (9/4)COo-2.09 

Cn„  * 0.40  (2.09)  - .84 
pr 

SPr  * 351/84  = 418  ft2 
and  ‘ 

DPr  » 23.1ft 

Permanent  Skirt  Reefing.'  The  permanent  skirt 
reefing  of  parachutes  is  accomplished  in  different 
ways,  depending  somewhat  upon  the  purpose.  If  the 
purpose  is  prevention  of  over-expansion  of  the  cano- 
py to  limit  opening  load  peaks,  a heavy  reefing  line  is 
stitched  inside  the  skirt  at  the  radial  seam  intersec- 
tions. Since  no  reduction  in  the  normal  full  open 
area  of  the  canopy  is  desired,  in  this  case  the  reefing 
ratio  used  is  close  to,  but  not  less  than  Df/D0  - 2/rt0 
where  rr0  is  the  shape  factor  of  a regular  polygon 
given  in  Table  8.4.  If  the  purpose  of  fixed  reefing 
is  the  attainment  of  a desired  equilibrium  descent 
velocity  or  test  dynamic  pressure  with  improved 
stability  (as  in  a system  test,)  the  conventional 
skirt  reefing  line  and  running  rings  are  used  without 
a line  cutter.  , 

Cluster  Opening  Forces.  The  synchronous  opening 
forces  of  a cluster  as  a whole  and  of  its  individual 
member  parachutes  may  be  predicted  by  the  same  m 
methods  used  for  single  parachutes.  For  the  non-syn- 
chronous  case,  the  approach  described  in  Chapter  7, 
is  illustrated  here  with  numerical  examples  based  on  a 
cluster  of  three  156  ft  (D0)  parachutes  of  System  C, 
first  introduced  in  Table  8.1. 

Numerical  Examples 

Given: 

M - 50, OOO /g  - 1554  si. 

CpA  - 100  ft3  (assumed  body  drag  area) 


D0  = 156  ft 
nc  = 3 

DfJD0  = 0. 10  (reefing  ratio  to  be  verified) 
h = 2000  ft  MSL  (p  = 0.002241  si/ft3) 
qs  = 60  psf  ( 133  kts  EAS) 

1CDS  = 52,520  ft2 

f = 0.07  (Figure  6.64  for  Ringsail) 

Calculations  (synchronous  opening): 

At  the  end  of  the  reefed  interval  (disreef) 

Z(CDS)r  = 0.07  (1CDS)  = 3676  ft2 

Canopy  growth  during  the  reefed  interval  should  be 
taken  into  account  when  known.  Test  data  given  in 
Reference 2l7show  a growth  ratio  for  the  Ringsail 
parachute  in  the  order  of 

(CnS)r  (disreef) 

(CDS,r  at  Fr  (max)  = '■*  <«  °/°0  = 0.10 

Then,  at  Fr  (max) 

X(CDS)r  = 3676/1.56  = 2356  ft2 
The  reefed  mass  ratio  by  Equation  6-18  is 

R'mr  = 0.00224 1 (2356)  3/2 /1 554  = 0. 164 

The  opening  load  factor  may  be  estimated  with  the 
aid  of  Fig.  6.25;  reading  the  reefed  cu<ve 

CXr  * 0.55 

The  combined  reefed  opening  fr  ce  would  be  in  the 
order  of 

lFr  - 2356  (60)  0.55  = 77,750  lbs 

or  F'r  = 25,90C  lbs  for  each  of  three 

In  the  normal  course  of  events,  at  the  end  of  the  reef- 
ed interval,  the  system  will  be  approaching  an  equili- 
brium descent  condition  With 

1- 1*9 

and  by  Equation  8-7 

qdr  - 1. 1 ( 50,000)/(3676 + 100)  - 14.57 psf 
The  full  open  mass  ratio  is 

R'm  - 0.002241  (52,520)3/2 /1 554  ~ 17.4 
Reading  the  disreef  curve  of  Fig.  6.25 
C’x  ~ 0.06 

and  1F0  = 52,520  ( 14.57)  0.06  - 45,900  lbs 

or  F'0  = 15/300  lbs  for  each  of  three 

Averaging  the  reefed  and  full  opening  forces  indicates 
that  by  adjustment  of  the  reefing  ratio  equal  load 


peaks  in  the  order  of 

F'r  = F'0  = 21 ,000  lbs 

may  be  obtained  in  each  parachute  for  the  synchro- 
nous opening  case.  The  revised  reefed  drag  area  may 
be  estimated  by  working  backward  from  EF0  = 3F'0 
= 63,000  lbs  above,  with  Rm  and  Cx  unchanged.  The 
desired  dynamic  pressure  at  disreef  is  approximately 

qdf  ~ 63000 fZCDS  Cx  = 20  psf 
Then  at  disreef  ZtCoS),  = (1.1  W/20)  -100  = 2650  ft2 
For  the  same  growth  ratio,  the  reefed  drag  area  at 
^ (max)  *s 

l(CDS)r=  2650/1.56  ~ 1700  ft2 
The  revised  mass  ratio  for  the  reefed  parachute  is 
Rmr  = p(1700)3/2/M  = 0.10 
and  per  Fig.  6.25 
C’Xr  =0.62 

then  XFr  = 1700  (60)  0.62  = 63J40  lbs  or  F’r  = 
21,080  lbs  for  each  of  three. 

The  revised  reefing  ratios  are 

f » 2650/ZCqS  = 0.C5 
using  D/Dg  ~ 0.08  from  Figure  6.64. 

Calculations  (non-synchronous  opening): 

Cluster  empirical  load  factor  for  an  uncontrolled 
cluster  from  page  341. 

Cy  = 1.80 

and  the  design  limit  load  for  each  parachute  (per 
Equation  7.24)  would  be  in  the  order  of 

Fx  = 1.8(21,000)  =37,800  lbs 

With  a cluster  controlled  by  the  method  described  on 
page  262 

Cy  ~ 1.3  . 

and  at  design  limit  Fx  = 27/300  lbs  both  reefed  and 
after  disreefing.  For  a cluster,  the  mass  ratio  of  the 
lead  canopy  may  be  defined  by 

Rm  m Rm/*c 

In  the  theoretical  worst  case  Kc  = nc  and  the  mass 
ratios,  opening  load  factors,  and  predicted  maximum 
opening  forces  change  as  shown  in  Table  8.5  where: 

Rm/_  “ R'm  & Cy  = CxL/C'x 

and  F'= 21,000  Ibt 

Comparison  of  these  results  with  the  test  data  in  Table 
6.2  indicates  two  characteristics  of  free  clusters: 

1)  Reefed  max/mean  force  ratios  of  lead  cano- 
pies tend  to  approach  the  worst  case  Cy  in 
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TABLE  8.5  LEAD  CANOPY  WORST  CASE  OPENING  LOADS 


Configuration 

R"l 

cxL 

Cy 

F(max)  — CyF‘ 

Reefed 

0.10 

0.033 

0.62 

0.77 

1.24 

26,000 

Full  Open 

17.4 

5.80 

0.06 

0.32 

5.33 

112,000 

• equivalent  systems  such  as  that  identified 
with  Reference  431 . 

2)  Full  open  max/mean  force  ratios  after  lead 
canopy  disreefing  are  never  likely  to  approach 
the  worst  case  indicated  by  CY(max)  because 
of  the  low  probability  of  having  all  but  one  of 
the  canopies  carry  no  load  throughout  lead 
canopy  inflation. 

Equalization  of  Cluster  Opening  Load  Peaks.  The 
test  data  of  Table  6.2  justify  use  of  different  cluster 
opening  load  factors  reefed  and  on  disreef.  in  the 
present  numerical  example  as  follows: 

Reefed  CY  =*  1-3 

Full  open  CY  - 2.0 

The  two  opening  load  peaks  may  be  equalized  for  the 
design  limit  case  by  revising  the  reefing  ratio  derived 
from  the  synchronous  opening  calculations  (D/Dg  « 
0.08).  Without  repeating  the  calculations,  it  will  be 
seen  that  the  original  reefing  ratio  of  D^Dg  • 0.1 
comes  close  to  satisfying  the  requirement  and  the 
following  design  limit  loads  are  indicated. 

Reefed  F'r  = 25,900  (1.3)  = 33,670  lbs 

Full  open  F’0  ” 15,300(2.0)  « 30,600  lbs 

These  may  be  rounded  off  for  each  stage  to 

Fx  ”32,000  lbs 

In  other  words,  a reefing  line  diameter  of  10  percent 
DQ  is  close  to  optimum  for  the  free  cluster,  while  as 
indicated  above,  8 percent  D0  would  be  used  with  the 
controlled  cluster,  and  the  design  limit  load  would  be 
reduced  to  Fx  ~ 27,000  lbs. 

Strength  o.  Materials.  The  strength  of  materials 
required  in  the  decelerator  structure  is  determined, 
first,  'by  approximate ' preliminary  internal  loads 
analysis  based  on  predicted  design  limit  opening 
loads.  Later,  the  structure  may  be  refined,  as  desired, 
through  application  of  one  of'  the  more , rigorous 
computerized  methods  of  structural  analysis  (see 
Chapter  7).  From  the  design  limit  loads  predicted  for 
each  opening  stage  when  the  canopy  is  reefed,  the 
critical  unit  load  in  each  structural  member, /£,  is 


calculated  and  multiplied  by  a design  factor  to  deter- 
mine the  minimum  acceptable  strength  of  material. 
Equation  7-72  states 

Pr  =oFrc 

where  the  design  factor,  DF  - SF/Ap;  SF  is  the 
safety  factor  and  Ap  is  the  allowable  strength  factor. 
For  parachutes,  recommended  components  of  the 
allowable  strength  factor  are  given  in  Table  8.6,  with 
recommended  safety  factors  and  corresponding 
design  factors.  When  actual  minimum  joints  and 
seam  efficiencies  are  known,  e.g.,  the  results  of  labor- - 
atory  tests,  these  values  of  u should  be  used.  For 
asymmetry  of  loading,  s = 1.0  is  used  when  no  quanti- 
tative evaluation  can  be  made  from  system  or  decel- 
erator geometry  and  test  experience.  Factors  i 
(vacuum)  and  f (temperature)  should  be  evaluated  for 
the  conditions  expected  to  prevail  at  the  time  of  the 
deceleration  operation,  because  the  recovery  of  losses 
caused  by  the  on-board  mission  environment  is  rapid 
and  can  usually  be  quantified. 

The  main  parachute  of  System  B,  introduced  in 
Table  8.1,  provides  the  basis  for  a numerical  example 
which  illustrates  the  short  method  of  calculating  the 
approximate  strength  of  materials  required  in  a poly- 
symmetric  parachute  structure. 

Given:,  Unmanned  vehicle  W = 4000  lbs 

Design  limit  load  (reefed  and  after  disreefing) 

Fx  - 20,000  lbs 
Main  parachute  D0  = 98  ft 

Sg  ” 7545ft2 
CgS  « 7017  ft2 
Reefed  (CpS)r~  351ft2 

Df/Dg  - 0.087  or  Dr  = 8.53  ft 
Approximate  projected  diameters 
Full  (2/3  D0)  , Dp  ~ 65.3  ft 

Reefed  DPr  ~ 23.1  ft  ■ 

Effective  suspension  line  length 

la  ” 108ft(~1.1  Dg) 


TABLE  8.6  RECOMMENDED  PARACHUTE  DESIGN  FACTORS 
(Use  1.0  for  any  sub-factor  not  otherwise  quantifiable) 


Application 

SF 

Joint 

u 

Abrasion 

e 

h2o 

0 

Fatigue  Temp.  .Vac.  Unequal 
Loads 

k T l s 

Convergence 

COS0 

Ap 

DF 

Vehicle  Recovery 

RPV,  Etc. 

1.5 

.85 

.99 

.99 

1.0 

.95 

.79 

1.9 

Manned 

1.35 

.80 

.92 

.92 

.92 

.95 

.59 

2.3 

Emergency  Escape 

Bailout 

2.0 

.80 

.95 

.95 

.95 

.95 

.65 

3.1 

Ot^er 

1.35 

.80 

.92 

.92 

.92 

.95 

.59 

2.3 

Airdrop 

Paratroop 

2.0 

.80, 

.9.5 

.95 

.95 

.95 

.65 

3.1 

Cargo 

1.5 

.80 

1.0 

.95 

.95 

.95 

.69 

2.2 

Aircraft 

1.5 

.80 

.95 

.95 

.95 

.95 

.65 

2.3 

Decelerator 

■ 

Special 

Spec.  Weapons 

1.5 

.80 

1.0 

1.0 

10 

.94 

.75 

2.0 

Other 

1.5 

.85 

.99 

.99 

1.0 

.95 

.79 

1.9, 

Use  measured  joint  efficiencies  when  known 
Abrasion 

Moisture  absorption 
Fatigue 

Evaluate  for  temperature  of  decelerator  structure  during  peak  load  operating  conditions 
Evaluate  effect  of  exposure  to  vacuum  at  time  of  deployment  or  peak  loading 
Evaluate  assymmetrical  unequal  loading  when  significant 
Convergence  angle  of  lines  or  risers  at  time  of  peak  load  when  known 
Modify  allowable  load  factor  as  required  by  measured  sub-factors 
Modify  design  factor  as  required  by  refined  Ap 

Calculations: 

Structural  safety  factors: 

Parachute  (Table  8.6)  SF*  1.5 
Risers  (good  practice)  Sp*  2.0 
Design  factors: 

Parachute  Dp  • 1.90 

Risers  Dp  - 2.5 

Allowable  strength  factor  (all  nylon  materials) 

Apm  ueok cot 0.79 


Lines  & Risers 

Canopy 

where  u m 

0.85 

0.85 

e * 

0.99 

0.99 

o - 

.99 

.99 

k - 

1.00 

0.95 

COS  0 » 

0.95 

1.00 

Suspension  lines. 

Allowable  strength: 

PA  * 

0.79PR 

Unit  load  fj  t * 

20,000/Z 

NOTE:  u 

e 

0 
k 

T 

1 
S 
0 

Ap 

Dp 


Required  minimum  strength 


Number  of  lines 

= 1.9  r 

z 

88 

S3 

104 

ribs 

227 

208 

192 

pR  'bs 

431 

395 

365 

Use  Z = 96  and  PR  - 400  lbs  (braided  nylon  cord). 
This  result  justifies  the  use  of  96  suspension  lines 
and  96  gores  in  the  canopy  (with  8 riser  branches  and 
96/8-12  lines  per  branch). 

The  margin  of  safety  by  Equation  7-78  is 

Ms  = (400/395)  -1  = .0.013 

Canopy  Radial  Tapes.  Let  the  canopy  be  of  45 
degree  bias  construction  with  one  inch,  4-needle, 
French  fell  seams  reinforcad  with  flat  nylon  tapes. 
The  tapes  must  be  pre-marked  at  each  diagonal  cross- 
seam intersection,  as  located  in  the  gore  pattern  lay- 
out, to  ensure  uniform  distribution  of  cloth  fullness 
along  the  seam.  (Two  marking-patterns,  one  for  each 
side  of  the  gore,  are  required.)  The,  strength  of  the 
radial  tape  should  be  at  least 

P'R  = 0.90  P'R  (suspension  lines)  = 356  lbs 

Availability  of  materials  limits  the  choice  to  a 400  lb, 
3/4  inch  tape  or  a 525  lb.  one-inch  tape,  the  latter 
being  fifty-percent  heavier.  Use  of  the  400  lb  tape  in 
the  interest  of  structural  efficiency  entails  a modifica- 
tion of  the  radial  seam,  and  several  acceptable  alterna- 
tives may  be  considered.  Design  of  a 3/4  inch,  3- 
needle  fell  seam  would  also  improve  structural  effi- 
ciency and  could  be  recommended. 

Ms  = (400/356) -1  = 0.124 

Risers.  Unit  load,  f = 20,000/8  = 2500.  lbs.  Re- 
quired minimum  strength,  PR  = 2.5 , f' * 6250  lbs  per 
branch.  Available  nylon  webbing  materials  include: 


Strength 

Width 

Thickness 

Unit  Weight 

lbs 

in 

in  ' 

Ib/ft 

6500 

1.75 

.110 

.0604 

8700 

1.75 

.10 

.0500 

9000 

1.0 

.195 

.0500 

Of  these,  the  8,700  lb  webbing  would  be  a good 
choice,  being  lighter  than  6500  lb  ma'erial  and  thin- 
ner than  the 9000  lb  material. 

Ms  = (8700/6250)  -1  = 0.39 

Reefing  Line.  Test  measurements,  such  as  those 

reported  in  Reference217  indicate  that  tension  in  the 
reefing  line  builds  up  slowly  during  inflation  and  pi  :ks 
out  shortly  after  the  reefed  opening  force  passes  its 


maximum.  With  reference  to  Figure  7.21,  this  may 
be  caused  by  the  canopy  development  angle  (0-0). 
being  relatively  small  at  Fr(max),  because  °Pr  has  not 
reached  its  maximum  value  at  that  time  and  the  rate 
of  canopy  inflation  has  been  reduced  to  low  level  by 
restraint  of  the  inlet  area.  Thus,  by  the  given  rela- 
tionship, fyp  passes  its  maximum  while  F is  decreas- 
ing and  (0-0)  is  increasing,  a process  far  enough 
rehioved  from  impact  dynamics  to  be  treated  as  a 
static  load  problem.  By  substitution  of  the  given 
values  in  Equation  7-107. 

hc  = nDp/4  = 18.14ft 
hf  = (D0/2)  - hc  = 30.85  ft 
sin  0 = DfAtlg  = 0.03949 
sin  0 = (DPr-Dr)/2h,  = 0.2361 

f'/F  = (tan  \}/ -tan  <t>)/2ir  = 0.03238 
where 

tan  0 - .2430 
tan  0 = .03952 

Since  F <Fr  (max)  and  °Pr  is  representative  of  cano- 
py size  at  the  end  of  the  reefed  interval,  a very  con- 
servative evaluation  of  the  reefing  line  tension  is 

f'  - .03238  (20,000)  = 648  lbs 

and  PR  = l.9f‘s  * 1231  lbs 

Use  of  a, braided  nylon  cord  with  PR  = 1250  lbs 
wou'd  provide  an  adequate  safety  factor  for  the  veri- 
fication test  program  with 

Ms  = (1250/1231)  -1  = 0.15 

Canopy  Cloth.  The  crown  of  the  reefed  canopy  is 
subjected  to  the  highest  unit  load,  which(from  Equa- 
tion 7-79)  is  approximately 

f’c  = Fx/nDPr 

= 20, 000 /n  (23. 1)  = 276  Ib/ft  or  ~23  lb  An 
This  load  may  be  increased  to  allow  for  the  possibil- 
ity that  the  projected  diameter  may  have  been  signifi- 
cantly smaller  at  Fx  than  23.1  ft.  A lateral  reinforce- 
ment located  at  the  point  of  maximum  stress  may  be 
applied,  however,  to  react  to  the  pressure  load.  The 
cloth  strength  required  should  be 
PR  = 1.9(23)  1.1  = 48  lb /in 

Then,  as  a minimum,  1.6  oz/ydJ  ripstop  nylon  with 
PR  = 50  IbAn  could  be  used  in  the  crown  of  the 
canopy  and 

M,  = (50/48)  -1  = 0.42 

The  pressurized  area  of  the,  crown  is  assumed  to  be 
that  of  a spherical  segment  of  diameter  Dpf  The 


radial  distance  along  the  surface  from  pole  to  equator 
would  then  be  hc  - 18. 14  ft  as  calculated  above. 

With  a lighter  material  in  the  balance  o*  the 
canopy  the  transition  may  be  made  at  the  nearest 
cross  seam,  i.e.,  one  located  at  hc  + t\h,  where  Ah  is  a 
small  increment. 

The  strength  of  material  required  ovei  the  major 
area  of  the  canopy  is  a function  of  the  final  opening 
load  peak.  With  Rm  ~ 8.32  this  peak  will  occur  in 
mid-inflation  before  the  canopy  is  full  open.  Assum- 
ing thrt  the  final  opening  load  peak  will  cv'ur  at  an 
inflation  stage  similar  to  that  reported  in  Ref.  573 
results  in  0>JDo  - 0.27.  Then  with  the  substitution 
of  Dp  = 26.5  ft  in  Equation  7-79,  the  approximate 
unit  load  is 


f'c  = 20, 000 h (26.5) 

= 240  lb /ft  or  20  fin 
and  P'R  - 1.9  (20)  = 38  Ib/in 

This  result  justifies  the  use  of  1.1  oz/ydJ  ripstop 
nylon  with  PR  = 42  Ib/in  in  the  balance  of  the  canopy 
and 

Ms  = (42/38)  - 1 « 0.0526 

Reinforcing  Bands.  Since  the  primary  pressure 
loads  are  transferred  directly  from  the  fabric  to  the 
canopy  radials,  added  reinforcing  bands  are  redun- 
dant and  the  determination  of  their  strengths  is  some- 
what arbitrary.  Critical  loads  in  skirt  and  vent  bands 
have  been  encountered  during  non-uniform  opening 
conditions,  such  as  inflation  to  a false  apex  and  sail- 
like deployments  with  canted  skirt,  and  sometimes  in 
tests  at  stringent  off-design  overload  Conditions. 

Skirt  Band.  The  radial  to  suspension  line  joint  is 
designed  to  transfer  any  side  loads  into  the  skirt  band. 
Therefore,  as  a minimum,  the  strength  of  the  skirt 
band  should  be  equal  to  that  of  the  line.  Because 
failure  of  the  skirt  band  could  be  followed  by  more 
extensive  canopy  damage,  and  also  because  the 
weight  of  the  band  is  not  a critical  factor,  a substan- 
tially stronger  tape  or  web  is  used.  Use  of  a narrow 
stiff  skirt  band,  rather  than  a broad  soft  one,  is 
recommended  because,  as  noted  earlier,  this  is  one  of 
the  aids  in  getting  canopy  filling  started  at  line  stretch. 
Thus,  for  the  parachute  of  this  example  a minimal 
skirt  band  reinforcement  would  be  represented  by 
either  a 500-!b  9/16-inch  webbing  or  a one-inch  tape 
of  the  same  strength,  both  being  quite  flexible.  But 
for  a significant  increase  in  stiffness  (after  stitching 


to  the  skirt  hem/,  as  well  as  large  margin  of  safety, 
a 1,000-lb  half  inch  tubular  web  could  be  used  at 
small  cost  in  increased  weight. 

Vent  Bands  and  Intermediate  Bands.  It  has  been 
observed  in  many  severe  off-design  tests  that  com- 
plete break-up  and  collapse  of  the  canopy  could  have 
been  prevented  if  the  vent  band  had  not  failed.  For 
this  reason,  it  has  long  been  good  practice  to  use  a 
grossly  over-strength  tape  or  webbing  reinforcement 
on  the  vent  hem,  relative  to  any  load  that  might  be 
predicted  by  pressurized  membrane  stress  theory. 
One  approach  is  to  assume  that  the  canopy  fabric 
carries  no  load  over  the  area  of  interest,  as  would  be 
the  case  with  a split  gore. 

A logical  place  for  an  intermediate  reinforcing 
band  is  near  the  transition  between  the  1 .6  oz  and  1.1 
oz  cloth  at  hc  = 18  ft  frum  the  canopy  apex.  Neglect- 
ing the  vent  radius,  the  total  load  io  be  carried  across 
the  split  gore  by  the  two  bands  is  approximately 

£r  = f'c  hc  = 276(18. 1)  = 4996  lbs 
With  the  load  divided  equally  between  the  bands 

PR  = 1.9(4996/2)  =4746  lbs  each 

where  it  is  assumed  that  only  the  fabric  between  the 
bands  is  not  loaded.  In  actual  practice  a vent  band  of 
4,000-lb  one-inch  webbing  could  be  used  with  confi- 
dence. 


Cross-Vent  Lines.  Although  the  vent-line  load  is 
substantially  less  than  the  suspension  line  load,  it  is 
good  practice  to  use  the  same  material  for  the  cross- 
vent lines  with  stitched  joints  to  the  radials  of  equiva- 
lent streqgth,  400-lb  braided  nylon  cord  in  this  ex- 
amole. 

Veri  fidation  of  Preliminary  Strength  of  Materials 
Estimate.  Traditionally,  full  scale  aeridl  drop  tests  of 
prototype  parachute  models  have  been  performed  at 
design  and  over-design  conditions  to  verify  strength 
of  materials  calculated  by  the  foregoing  (or  similar) 
approximate  methods.  Now,  such  methods  merely 
provide  iritial  inputs  for  suitable  computer  programs, 
e.g.,  CANO,  and  the  like  (Chapter  7),  which  permit 
complete  refinement  and  optimization  of  the  struc- 
tural design  for  uniformly  small  margins  of  safety  in 
all  members  where  redundant  load  paths  do  not  exist 
and  the  ivaibble  selection  of  materials  strengths  is 
broad.  Cf  course,  the  problem  becomes  more  com- 
plex in  annulate  parachutes  (ribbon,  ringslot,  Ringsail) 
with  a multiplicity  of  horizontal  or  circumferential 
members;  also)  primary  reinforcing  bands  still  require 
special  treatment 


Confidence  in  the  final  design,  prior  to  any  full 
scale  tests,  depends  upon  the  rigor  with  wfvch  the 
inflated  shapes  and  pressure  distributions  are  deemed 
to  have  been  derived.  Shortcomings  in  this  respect 
can  be  appraised  by  a few  simple  tests  for  verification 
of  both  the  reefing  parameters  and  the  inflated  shapes, 
reefed  and  after  disreefmg,  at  each  n eak  load,  the 
need  for  more  comprehensive  tests  will  then  be  estab- 
lished. There  is  good  justification  for  the  proposition 
that  the  use  of  advanced  computer  programs  for  both 
the  prediction  of  design  limit  opening  toads  and  for 
parachute  structural  design  can  greatly  reduce  the 
number  and  complexity  of  the  development  tests 
whira  customarily  have  been  performed  for  such 
purposes. 

The  Gliding  Parachute.  Criteria  governing  selec- 
tion of  a gliding  parachute  system  differ  greatly, 
depending  upon  whether  operational  requirements 
can  be  satisfied  with  a nonsteerafcle  gliding  parachute 
of  minimal  L/D  or  whether  the  performance  of  a 
ttaerabla  parachute  of  high  L/D  is  mandatory  The 
complexities  and  operational  prc Diems  associated 
with  control  of  the  gliding  system  should  not  be 
accepted  lightly. 

The  non-steerable  gliding  system  may  be  the  same 
in  all  details  as  the  ballistic  parachute  system,  except 
that  the  mam  can  op  \ is  modified  to  descend  in  a 
stable  directional  glide  with  a rapo  approximately 
L/D  • 0.3-0. 7.  The  prime  justification  for  this 
approach  is  the  substantial  improvement  m sysrem 
stability  realized*22  While  there  may  bean  attendant 
reduction  in  rate  of  descent  for  a given  canopy  sire, 
with  a consequent  gam  in  effective  drag  efficiency, 
this  is  usually  a secondary  consideration.  If  the  glide- 
chute  modification  consists  of  augmented  ventilation 
on  one  side  of  the  canopy,  the  increased  total  poros- 
ity usually  cancels  the  gam  in  efficiency  due  to 
gliding. 

One  of  the  most  effecti’P  ways  to  make  a circular 
canopy  glide  with  a reduced  -ate  of  descent  is  to  raise 
the  trailing  edge  a short  distance.  But  preservation  of 
structural  symmetry  through  the  ooening  transient 
would  require  use  of  a temporary  one-step  control 
device,  such  as  in  early  Glidesail  expenmentsfRef.  717). 
To  avoid  this,  a similar  canopy  configuration  is 
approximated  by  augmenting  canopy  porosity  near 
the  skirt  on  the  trailing  side,  as  in  mid-air  retrieval 
parachutes19.1  Losses  may  be  minimized  by  distribu- 
ting t he  added  ventilation  across  the  trailing  edge  as 
close  to  the  skirt  as  possible  and  bv  using  only  the 
minimum  required  for  stable  gliding  I see  Ref  117). 

Because  perfect  symmetry  about  a longitudinal 
plane  can  only  be  approached  as  a limit  in  the  con- 
struction of  a gliding  canopy,  the  typical  flight  path  is 
characterized  by  a slow  turn  in  one  direction.  Thus, 


operational  considerations  affecting  the  choic"  of  the 
non-steerable  gliding  system  include 

The  horizontal  velocity  component  adds  vectorial- 
ly  to  wind  drift  in  a ran.-om  way. 

After  the  opening  sequences  the  system  will  de- 
scend v.-ith  a small  rate  of  turn  in  one  direction 
which  may  be  different  in  magnitude  and  direction 
for  each  operation. 

Rigging  and  installation  of  the  gliding  canopy  may 
entail  special  provisions  to  ensure  proper  orienta- 
tion of  the  canopy  relative  to  the  vehicle 
The  most  efficient  gliding  canoov  may  require  use 
of  a step-control  to  be  actuated  after  disreefmg  for 
transition  to  the  gliding  configuration. 

For  good  stability  of  descent  the  glide  ratio  can  be 
relatively  small,  such  that  the  horizontal  velocity 
component  and  turn  rate,  when  combined  with  the 
effects  of  wind  drift,  may  be  found  essentially  negli- 
gible for  many  applications  benefiuing  from  the  gain 
in  stability  realized.  This  appears  to  be  the  case  for 
mid-air  retrieval  systems  and  may  also  be  true  for 
surface  landers  employing  an  impact-attenuation  or 
retrorocket  subsystem.  In  the  latter  case,  the  orienta- 
tion of  the  canopy  with  respect  to  the  vehicle  may 
also  be  of  no  consequence. 

Selection  and  sizing  of  the  non-steerable  gliding 
canopy  is  guided  by  the  same  considerations  set  forth 
for  the  ballistic  system.  Modification  of  a solid  cloth 
canopy  to  effect  gliding  is  currently  done  by  replace 
ment  of  cloth  panels  on  one  side  near  the  skirt  with  a 
high  porosity  material  of  open  mesh  or  net  weave.  A 
similar  modification  of  the  Rmgsail  design  consists 
simply  of  omitting  a suitable  number  cf  sails  of  the 
trailing  side.  Determination  of  geometric  porosity 
required  is  described  in  Chapter  *>. 

The  steerable  gliding  systems  fall  into  two  broad 
categories  distinguished  in  terms  of  attainable  glide 
ratios 

Class  ^^max  Type  Designation 

Middle  1.0-2  0.  Medium-Glide  Parachutes 

Upper  2.0-4  0 High-Glide  Parachutes 

It  will  be  recognized  that  (L/D)^*  of  the  .system  as 
a whole  is  significantly  less  than  that  of  the  individual 
canopy  tested  under  idesl  conditions.  Moreover,  the 
average  L/D  attained  in  straight  away  flight 'S  a maxi- 
mum and  is  reduced  by  turning  maneuvers.  The 
operational  analysis  of  the  vehicle  recovery  or  landing 
system  will  indicate  a performance  level  practical  in 
terms  of  glide-range,  maneuverability  and  wind  pene- 
tration capability  balanced  against  those  cost  factors 
represented  by  complexity,  serviceability,  and  devel- 
opment risk. 

The  design  L/D  required  is  governed  by  operation- 


TABLE  3.7  STEERABLE  PARACHUTE  COMPARISON  FOR  SYSTEM  D 


Type 


Parawing  Parafoil 

(single-keel)  (AR  = 1.5) 


Cfl  at  !L/D)rnax 

0.91 

0.74 

plantorm  area  ( S ^ ft2 

9.82 

1207 

Wing  loading  psf 

1.53 

1.24 

Aspect  ratio  (AR) 

' 2.88 

1.5 

(Projected) 

(2.17) 

(1.5) 

Wing  span  (b)  ft 

53.2 

42.6 

(b2  ^ARSJ 

Chord  (c)  ft 

- 

283 

keel  length  (!k)  ft 

37.2 

- 

dk  -S*/ 692*) 

Total  fabric  (Sg)  ft2 

982 

4492 

Area  ratio  (S^^/Sg) 

10 

0 27 

Relative  weight  factor 

,091 

0 20 

11 

50 

al  criteria  such  as 

Maximum  wind  conditions. 

Maximum  allowable  sinking  speed. 

Desired  gliding  range  from  altitude.' 

Unit  wing  loading. 

The  minimum  acceptable  turning  rate  is  based  on 
operational  requirements  for 
Target  seeking  (spot  landing) 

Obstacle  avoidance  (safety) 

General  maneuverability,  e g.,  number  of  turns  to 
be  executed  during  the  descent. 

Requirements  for  L/D  modulation  in  flight  must 
be  tempered  by  consideration  of  the  stable  angle  of 
attack  range  for  each  type  between  leading  edge  col- 
lapse. a lor  IL/DIfn^g.  and  the  stalled  condition  It 
will  be  recognized  that  ram-air  cell  canopies  lacking  a 
rounded  leading  edge,  exhibit  only  the  sharp  drop  in 
UD  that  attends  leading  edge  collapse  m other  types 
at  low  angles  of  attack  Because  canopy  porosity  is 
virtually  zero,  some  steerable  parachutes  are  subject 
to  severe  oscillations  of  large  amplitude  after  stalling, 
like  a low  porosity  parachute  However,  this  behavior 


varies  with  the  shape  of  the  canopy  In  either  case,  as 
shown  m Fig  6 36,  the  sinking  speed  increases 
rapidly  as  L/D  is  reduced  by  increasing  a 

Design  requirements  expressed  in  terms  of  allow- 
able values  for  vy  (landing)  and  v ^ [wind  penetration) 
automatically  define  the  operational  L/D  required  for 
the  design  wing  loading  iV/S w.  as  shown  in  F ig.  6 36A 
for  the  equilibrium  gliding  condition. 

L/D  “ “ cot  ® 8- 9a 

¥ * Vy/sin  0 8-9b 

q * (>¥*/2 
and 

CqSw-  W/q  or  (W/Sw  - C„q)  ,8-10 

Where  Sw  is  the  pianform  area  of  the  canoov,  CBthe 
tot^f  aerodynamic  force  coefficient,  and  8 the  glide- 
path  angle  below  the  horizontal 

Given  lift  and  drag  coefficients  as  a function  of 
angle  of  attKk 

c„  -■ (Cl2*cd2)%  ana 

or  given 


L/D  *>  cot  6 

0^  * C0/sind  8-1 ’b 

Because  ( L/D>max  occurs  dose  to  the  angle  of  attack 
where  a rapid  drop  in  L/O  is  imminent,  it  Is  somet  imes 
desirable  to  design  for  L/O  at  a for  try  minimum. 

Sizing  the  Gliding  Parachute.  Given  the  recover- 
able weight  W.  and  having  established  the  operational 
L/O  required,  selection  of  the  type  of  canopy  to  oe 
used  is  guided  by  the  following  criteria' 
(L/D)^x>L/D  (required  i. 

C/f  at  L/D  required)  is  dose  to  the  best  attainable. 

The  ratio  of  the  canopy  clartform  area  to  the  total 
fabric  area  (S^/Sg)  is- large. 

Complexity  of  reefing  requirements  is  acceptable 
Turning  rate  satisfies  minimum,  maneuverability. 
Since  it  is  usually  desirable  to  have  a canopy  of  mini- 
mum bulk  and  weight.  and  Stv/S0  must  be  consid- 
ered together  Other  things  being  equal,  the  canopy 
design  of  least  weight  will  be  obtained  when  Sq/C^S# 
is  a minimum,  i e.,  !he  least  area  of  fabric  is  needed  to 
produce  the  effective  lifting  surface.  Area  5^,  neces- 
sarily includes  all  ribs,  gussets,  and  flares,  as  well  as 
the  upper  and  lower  surfaces,  because  these  control 
the  airfoil  profile  of  the  canopy  and  are  essem.al  to 
its  aerodynamic  performance,  tn  this  respect,  single 
surface  canopies  have  an  advantage  Significant  dif- 
ferences in  suspension  line  rigging  and  reefing  require- 
ments will  influence  the  final  selection. 

The  required  planform  area  (by  Equation  8-10)  is 

Sw  - W/C^q 

Numerical  Examples 

Methods  of  selecting  and  suing  a steerable  gliding 
canopy  for  a given  application  are  illustrated  by  the 
following  numerical  examples; 

System  O is  for  an  RPV  to  be  recovered  at 
the  conclusion  of  its  mission  by  being  flown 
imder  full  control  to  a designated  Iandmq  area 
where  a spot  landing  is  made  after  initiation  of 
recovery  at  or  above  5,000  ft  MSI  12.500  ft 
above  r^-ound  level)  Al  the  design  altitude  of 
2.500  ft  MSL  the  nominal  rate  of  descent  is  to 
be  vy  - IS  fps  with  a landing  weight  W • 1500 
!bt  The  glidmq  system  shall  be  able  to  pene- 
trate winds  up  to  v/y  » 20  kts (TAS)  (33.8  fps). 

As  a minimum  the  glide  ratio  in  straight  away 
flight  should  be  v/g/ey  • 225.  Selec  fion  of  the 
Simplest  steerable  parachute  design  capable  of 
meeting  the  'equipments  is  generally  the  most 
economical  approarh.  Examination  of  F igs 
6 36A  and  6 368  suggests  that  either  a Parafoil 


of  AR  - 7.5  or  a singie-kee)  Paravving  could  be 
expected  to  satisfy  this  requirement,  with  a 
margin  for  error,  bv  designing  to  (L/D)maA  - 
2.4.  On  this  basis 

try  - 15  fps 

vH  * 15(2.4)  = 36  fps 
cote  * 2.4  6 « 22.62*  sin  6 = 0.385 
y * 15/385  = 39  fps  (TAS) 

At  2500  ft  MSL,  p = 0.002208  si /ft3  and  the 
design  dynamic  pressure  is  q * .001104 (39 = 
1.68  psf.  Then  the  canopy  effective  area  re- 
quired is 

C^S*,  = 1500/1.68  = 892.9  ft3 

Determination  of  Ca  at  (L/D)max  requires 
performance  data  obtained,  ideally,  from  large 
scale  free  flight  tests,  otherwise  from  wind 
tunnel  testing  of  carefully  constructed  models. 
The  comparative  calculations  summarized  in 
Table  8.7  for  Parawing  and  Parafoil  are  based 
on  data  derived  from  the  most  recent  source 
references  containing  large  mode)  test  measure- 
ments in  a form  suitable  for  this  evaluation, 
e g . Fig.  6.36A. 

Whpn  decelerator  system  weight  and  bulk 
are  the  dominant  criteria,  usually  the  case,  then 
the  flex  ible  wing  naving  the  smallest  aerodynam- 
ic area  ratio  represented  by  Sg/C^S^  would  be 
selected,  provided  there  is  not  a large  difference 
m the  strength  of  materials  required.  Otherwise 
differences  in  reefing  requirements,  maneuver- 
ability and  the  useful  <a.'oe  of  L/D  modulation 
may  govern.  Pertinent  characteristic  data  of 
the  kind  and  quality  needed  are  not  equally 
available  tor  the  different  flexible  wing  designs. 
This  fact,  as  well  as  the  relative  weight  factor, 
would  justify  selection  of  the  single-keel  Para- 
wing for  further  study  as  the  primary  compo- 
nent of  System  D. 

. System  6 is  for  a payload  of  1415  lbs  to  be 
spot-dropped  with  a target-seeking  steerable 
parachute  system  for  which  the  allowable 
weights  arc  150  lbs  and  55  lbs  for  the  control 
package  and  the  parachute  pack  respectively. 
The  system  shall  be  capable  of  gliding  at  8 * 
45*  against  a 25  kt  (42  2 fps)  headwind  while 
descending  at  30  fps  at  sea  level. 

The  forward  glide  velocity  must  be  at  least 

yH  - 30  *■  42.2  • 72.2  fps 

At  any  altitude  above  sea  level  the  TAS  will  be 
greater  than  this  figure 

The  minimum  glide  ratio  in  straight  away 
flight  must  be 


Portion  of  canopy  pint  Stage 
Socked  up 


Second  Stage 


Third  Stage 


Fourth  Stage 


Fourth  Stage  Gliding  Flight 

with  Note  Ditreefed 


Figure  8 7 Twin  - keel  Parawing  Inflation  with  Suspension  Line  Reefing  in  Four  Steps, 


yH^V  “ 72.2/30  - 2.4 1 (-  cot  6) 

In  still  air  d - 22.6 f ( sin  6 - 0.384) 

The  glide  velocity  is 

v - 30/384  - 78.2  fps 
and  q - p0(78.2J3/2-  7.27 psf 
W • 1415  + 150  + 55  - 1620  lbs 
With  the  minimum  required  effective  aerody- 
namic area  is 

CflS*-  W/7.27  - 223  ft3 

01  the  various  steerable  parachute  types,  the 
one  having  experience  at  moderately  high  wing 
loadings  is  the  Parafoil  of  AR  - 1.5  with  CR- 
0.74  at  (L/D)msx  - 2.3  to  2.5  demonstrated 
(References  132 and 474).  Then 
Wing  area,  S^  - 223/74  - 301  ft3 
Span,  b - [{1.5)301]*  -21.3  ft 

Chord,  c - 21.3/1.5-  14.2  ft 

Aspect  Ratio.  Some  steerable  parachute  designs 
tend  to  have  a characteristic  aspect  ratio  not  sublet 
to  much  variation  in  design  analysis.  On  the  other 
hand,  those  of  highest  glide  ratio  may  be  designed 
with  different  aspect  ratios,  varying  somewhat  in 
resultant  aerodynamic  performance.  The  flat  plan- 
form  aspect  ratio  is  defined  as 

AR  - b/c  • b3/Sw  8-12 


Figure  8.8  Continuous  Suspension  Line  Reefing 
by  Sliding  Rings  with  Dreg-Panel 
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Wh'.ie  flat  asoect  ratios  are  reduced  geometrically 
by  deflection  on  the  wing  tips,  as  in  Parawing  and 
Sailwing,  the  deflected  tips  tend  to  act  like  end-plates 
and  so  would  augment  the  effective  aspect  ratio. 
Those  rectangular  canopy  designs  having  negligible 
wing  tip  deflection  usually  have  chord-wise  suspen- 
sion flares  which  act  as  end  plates  to  augment  the 
effective  value  of  the  geometric  aspect  ratio. 

The  influence  of  aspect  ratio  on  steerable  para- 
chute (L/D)max  often  cannot  be  separated  from  the 
effects  of  other  design  parameters.  Although  a single- 
keel Parawing  of  AR  = 2.89  affords  (L/D)max  = 2.3 
and  twin-keel  Parawing  of  AR  =3.0  affords  (L/D)max 
= 2.8  in  free  flight  with  W/Sw  - 0.95-1.25  psf^& 
Sleeman3**7  notes  .that  numerous  configurations 
identified  in  Fig.  6.37  exhibit  no  meaningful  correla- 
tion between  (L/D)max  and  either  aspect  ratio  or 
the  center  panel  area  ratio,  (Scp//Sw)  but,  as  shown  in 
the  figure,  the  parameter  (Scp/S^)  cos  Ag  is  relevant. 

The  data  point  identified  as  5a  in  Fig.  6.37  is  for 
the  4000  ft3  Parawing  of  Reference398  Its  position 
relative  to  the  wind  tunnel  data,  may  be  interpreted 
as  an  indication  of  the  required  correction  between 
wind  tunnel  model  and  full-scale  free-flight  Parawing 
performance,,  suggested  by  the  broken  line  in  the 
figure. 

Tne  effect  of  aspect  ratio  on  Parafoil  ( L/D)max  is 
broadly  indicated  by  the  wind  tunnel  data  of  Table 
6.7  and  a wind  tunnel  correction  factor  may  be 
deduced  from  free  flight  data  in  Table  6.8.  Variation 
of  wing  loading  over  the  range  tested,  apparently  has 
little  effect  on  (L/D)max  Use  of  Parafoil  aspect 
ratios  of  two  or  greater  has  obvious  advantages,  but 
it  will  be  noted  in  Fig.  6.36A  that  the  unusually  rapid 
variation  of  UD  with  <*  near  (UDImax  would  make 
glide  trimming  difficult  in  an  Automatic  system, 
while,  as  indicated  .in  Fig.  6.368  errors  in  trim  could 
cause  a sharp  increase  in  rate  of  descent.  Presumably 
these  characteristics  are  mitigated  in  free  flight  sys- 
tems tecause  jumpers  have  been  able  to  glide  Para- 
foils of  AR  m 2 at  L/D  — 3.7  unde'  good  control,  and 
skilled  human  pilots  nave  been  atle  to,  on  occasion, 
execute  a flared  landing  to  touch-down  at  a very  low 
velocity219  This  level  of  performance  has  not  yet 
been  demonstrated  with  either  an  automatically  or  a 
remotely  piloted  Parafoil  system. 
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do  strakes  and  wing-tip  end  plates 'on  an  airplane.  It 
is  particularly  important  to  maintain  a straight  chord- 
wise  profile  at  the  trailing  edge,  as  any  concavity 
there  greatly  augments  drag  (e.g.,  battens  used  in  lieu 
of  ribs  in  boat  sails). 

Providing  a rounded  leading  edge  which  remains 
inflated  at  low  angles  of  attack  has  been  dealt  with  in 
different  ways  and  with  varying  success:  1 

1 ) Parafoil  and  Volplane  at  the  cost  of  added  drag 
avoid  the  problem  by,  omitting  that  feature. 

2)  Parawing  (twin-keel  only)  and  Sailwing  have  a 
curved  under-lip  of  the  canopy  supported  by 
short  ribs  and  air  pressure.  These  collapse 
when  the  stagnation  point  moves  forward  at 
low  angles  of  attack. 

Reefing  High-Glide  Parachutes.  There  are  current- 
ly two  basic  approaches  to  the  reefing  of  gliding 
canopies.  To  the  extent  that  both  employ  air-inlet 
control  lines  in  running  rings  attached,  to  the  canopy, 
they  are  similar  to  the  skirt  reefing  of  parachutes. 
The  essential  difference  between  the  two  approaches 
is  that  the  canopy  is  ringed  to  deploy  in  a low  drag 
zero-lift  configuration  normal  to  the  air-stream  in 
one,  and  parallel  to  the  air-stream  in  the  other.  The 
latter  has  proven  successful  with  Parafoil  and  Vol 
plane,  while  the  former  has  developed  to  a useful 
level  in  single-keel  and  twin-keel  Parawings  Both  are 
complex,  requiring  several  stages  and  a multiplicity  of 
reefing  lines,  rings,  and  line  cutters. 

The  parallel  zero-lift  attitude  of  the  wing  is  obtain- 
ed by  suitable  rigging  of  the  fore  and  aft  suspension 
line  and  riser  lengths  with  a cluster  of  step  release 
links.  In  the  parallel  deployment  technique,  the  first 
reefed  stage  entails  reduction  of  the  inlet  area  of  the 
ram-air  cells  to  slow  their  inflation,  as  in  parachute 
skirt  reefing.  The  method  is  illustrated  in  Reference 
.132 The  second  stage  consists  of  the  now  fully-inflated 
cells  still  constrained  parallel  to  the  airstream  bythe 
intermediate  suspension-line  to  riser  attachments. 
The  third  and  final  stage  is  initiated  by  release  of  the 
temporary  riser  attachments  using  pyrotethnic  line 
cutters,  allowing  the  wing  to  pitch  up  to  its  trim  angle 
of  attack  for  the  desired  glide  ratio.  The  general 
eff'>ct  of  this  on  opening  force  coefficients  is  indica- 
ted  ay  the  model  test  data  given  in  Table  6.10.  A 
comprehensive  full  scale  design  verification  test 
program  would  be  necessary  for  any  new  application 
and,  as  noted  earlier,  the  use  of  the  chained-loop 
method  of  cell  reefing  is  not  recommended. 

The  normal  zero-lift  attitude  of  the  wing  is  obtain- 
ed by  equalizing  the  lengths  of  all  suspension  lines  to 
that  of  the  shortest  lines  through  secondary  attach- 
ment loops  with  a suitable  intermediate  or  "step" 
release  unit.  Then,  parachute  skirt-reefing  practice  is 


followed  to  create  a sequence  of  canopy  inflated  area 
areas  commensurate  with  the  initial  dynamic  pressure 
for  each  stage  398  . In  this  case,  the  experimental 
model  was  equippped  with  four  suspension  line 
reefing  steps  to  effect  the  opening  sequence  illus- 
trated in  Figure  8,7 

Another  continuous  suspension  line  reefing  system 
is  illustrated  schematically  in  Figure  8 8.  This  meth- 
od was  developed  to  mitigate  the  high  opening  shock 
effects  experienced  by  sport  jumpers  using  low  poros- 
ity gliding  canopies.  The  porous  fabric  panel  with 
attached  running  rings  on  groups  of  suspension  lines 
is  stowed  against  the  skirt  of  the  packed  canopy. 
Upon  deployment,  the  initial  influx  of  air  is  throttled 
by  the  drag-panel  and  the  first  stage  of  inflation  is 
retarded.  After  the  canopy  mouth  has  partially 
opened,  continued  opening  is  resisted  by  tension  in 
the  drag  panel  applied  through  the  running  rings  as 
they  slide  down  the  length  of  the  suspension  lines. 
The  drag  panel  is  driven  by  the  axial  component  of 
the  suspension  line  spreading  force  against  its  dimin- 
ishing drag  force.  This  reefing  method  is  applicable 
to  any  type  of  canopy,  but  its  quantitative  effects  on 
the  inflation  characteristics  of  either  gliding  or  ballis- 
tic parachutes  have  not  been  evaluated. 

Equalization  of  Opening  Load  Peaks.  The  opening 
load  factors  of  low  porosity  , medium  and  high  glide 
parachutes,  are  predictably  high,  approaching  Cx~3 
for  the  non-reefed  infinite  mass  case  (References  132 
■220and  400):  • However,  available  opening  force  data 
for  different  types  have  not  been  reduced  to  a useful 
general  form,  e g.,  Cx  vs  Rm  as  for  ballistic  parachutes. 
Consequently,  the  designer  will  have  to  search  out 
and  analyze  current  source  references  to  develop  data 
curves  for  the  canopy  type  selected. 

Given  the  opening  load  factor  data  in  a generalized 
or  dimensionless  form,  the  procedure  for  balancing 
opening  load  peaks  is  similar  to  that  for  parachutes. 
The  common  need  for  more  than  one  reefed  stage 
and  as  many  as  four  or  five  opening  stages  with  cor- 
responding load-peaks  complicates  the  calculations, 
but  reasonable  solutions  are  attainable,  as  illustrated 
by  practical  results  in  References  220  and  398. 

Declarator  Staging.  The  need  for  a drogue-chute 
in  the  decelerator  system  will  be  established  by  basic 
operational  requirements,  by  the  limitations  of  a 
reefed  main  decelerator  of  maximum  allowable 
weight  or  bulk,  and  sometimes  by  other  criteria  such 
as: 

The  decelerating  vehicle  may  become  unstable  at  a 
velocity  (dynamic  pressure)  beyond  the  perform- 
ance capability  of  the  main  decelerator. 

The  range  of  flight  conditions  defined  by  the 


operational  recovery  envelope  may  be  too  broad 
for  reliable  deployment  of  the  main  decelerator  at 
an  acceptable  confidence  level. 

A fairly  decisive  indication  of  need  foi  a prior 
stage  drogue-chute  can  be  obtained  from  a calculation 
for  the  opening  force  for  main  parachute.  The  reefed 
opening  force  must  not  exceed  the  allowable  load  at  a 
maximum  dynamic  pressure  condition  on  the  recov- 
ery initiation  envelope.  This  dynamic  pressure  has 
not  been  specified  for  System  B of  the  example,  but 
the  allowable  load  has  (Fx  = 20,000  lbs),  which 
enables  the  following  appraisal  to  be  made  as  a matter 
of  interest  to  the  drogue  discussion  farther  on.  Given 
the  parachute  of  System  B,  its  mass  ratio  for  reefed 
opening  is 

Rm  = 0.001 76 (3053/2 /1 24.3=  7.5  (IQ-2) 

and  from  Fig.  6.25  (reefed  max)  Cx  =0.66.  Since  the 
growth  in  ( CDS)r,  if  any,  which  may  take  place 
during  the  reefed  interval  is  unknown  in  this  case, 
(CDS)r  is  assumed  to  be  the  same  for  reefed  open- 
ing. Then  the  dynamic  pressure  at  line  stretch  should 
not  exceed 

qs  * Fx/305 (.66)  * 99.3  psf 

for  which  the  corresponding  velocity  at  10,000  feet 
.altitude  is  vs  =336  fps(TAS)  or  171  kts  (EAS).  While 
this  flight  speed  may  be  reasonable  for  airdrop  opera- 
tions and  certain  types  of  vehicles  capable  of  control- 
led pre-recovery  set-up  maneuvers,  if  is  more  repre- 
sentative of  conditions  at  the  end  of  a drogue  deceler- 
ation interval  for  a broad  class  of  recoverable  vehicles, 
including  entry  capsules  and  manned  spacecraft. 
Ordinarily  without  a drogue,  the  dynamic  pressure 
would  be  excessive  for  the  design  opening  load  limit 
to  be  satisfied  with  the  reefed  main  parachute  alone, 
except  as  the  allowable  qs  at  deployment  may  be 
raised  sufficiently  by  additional  stages  of  reefing. 

When  the  design  conditions  are  such  that  the 
number  of  different  drag  area  stages  required  is  large 
and  the  flight  path  angle  is  6 » -90° , the  method  of 
estimating  the  number  of  parachutes  and  the  reefed 
stages  of  each  presented  in  Reference  554  may  be 
found  useful.  As  noted  earlier,  the  results  of  these 
approximate  methods  provide  initial  inputs  suitable 
for  computerized  trajectory  computation  programs 
of  any  desired  degree  of  soph isticat ion . 

Small  first  and  second  stage  drogues  are  subject  to 
forebody  wake  effects  as  described  in  Chapter  6. 
During  the  staging  transition  between  decelerators, 
before  the  following  stage  CDS  has  grown  to  an  effec- 
tive level,  a descending  system  experiences  a brief 
period  of  reacceleration  by  gravitation.  Because  of 
this,  the  dynamic  pressure  at  line-stretch  of  the 
following  stage  may  be  significantly  greater  than  it 
was  when  the  preceding  stage  decelerator  was  releas- 


ed.  (Of  course  the  reverse  is  true  in  the  case  of  an 
ascending  system,  a condition  seldom  encountered 
in  practice.)  Being  a function  of  d as  well  as  the 
inter-stage  ballistic  coefficient  of  the  system  and  the 
staging  interval,  Ag  tends  to  be  a maximum  for  steep 
descents  when  the  flight  path.angle  is  approaching  90 
degrees.  Prior  to  the  staging  operation,  the  system 
usually  has  decelerated  to  a near-equilibrium  velocity. 

Drogue  Sizing  and  Type  Selection.  The  drag  area 
(CbA)  of  the  (body)  or  payload,  and  the  maximum 
dynamic  pressure  at' which  the  reefed  main  decelera- 
tor  can  be  safely  deployed,  provide  a basis  for  estima- 
ting the  required  drogue  drag  area.  The  maximum 
allowable  dynamic  pressure  at  the  end  of  the  drogue 
working  interval  can  be  defined  with  reasonable 
precision  for  most  recovery  systems  because  one  of 
the  advantages  afforded  by  the  drogue  chute  is  the 
important  one  of  enabling  the  main  decelerator  to  be 
deployed  at  essentially  the  same  speed  and  altitude 
in  every  operation  initiated  above  a predetermined 
minimum  altitude.  Typically,  drogue  disconnect  is 
initiated  by  a baroswitch,  and  the  system  is  approach- 
ing its  equilibrium  descent  velocity  at  the  time.  When 
the  critical  maximum  dynamic  pressure  ( qs ^ occurs 
under  non-equilibrium  conditions,  suitable  trajectory 
computations  must  be  performed,  and  the  following 
simplified  method  of  making  a preliminary  estimate 
of  Y CpS)  is  not  applicable. 

The  equilibrium  dynamic  pressure  with  full  open 
drogue  is 

qe  = W/[(CDS)  + C0A]  8-13 

This  is  somewhat  less  than  the  dynamic  pressure  felt 
at  main  canopy  line-stretch  because  of  the  re-acceler- 
ation following  drogue  disconnect.  A reasonable 
allowance  is  made  by  letting  qSm  - 1.15 qg  for  which 
the  drogue  drag  area  required,  using  Equation  8-13, 
is  approximately 

(CDS)  -.( 1.15W/qSm)-C0A  8-14 

The  body  CD  or  CpA  is  usually  given  as  a function  of 
Mach  number.  Drogue  drag  coefficients  vary  widely 
with  both  body  CD  and  free  stream  Mach  number  as 
shown  in  Fig.  6.55.  However,  the  drogue  disconnect 
condition  is  usually  subsonic  and  Fig.  6.43  provides 
data  for  estimation  of  CD/Cpa  for  a given  drogue 
trailing  distance.  Relative  trailing  distances  frequent- 
ly used  are  If /dp  - 6-7  so  that  conservative  drag  coef- 
ficients will  be  obtained  as  follows: 


Dp/db 

c0/c0oo 

<1 

08  f 

2-3 

0.9 

Since  Co  /Cqoo  *s'  53016 

as  the.  wake  dynamic 

pressure  ratio  iq^/q^),  the  alternative  method  given 


in  Chapter  7 may  be  used  instead,  to  predict  the  aver- 
age dynamic  pressure  across  the  drogue  canopy  in  the 
body  wake.  This  method  is  based  on  the  drag  coeffi- 
cient of  the  towing  body,  and  dp  may  be  calculated 
as  the  hydraulic  diameter  of  the  projected  frontal 
area  for  other  than  circular  shapes. 

The  drogue  drag  coefficients  given  in  Table  2.2 
were  measured  under  conditions  designed  to  mini- 
mize wake  effects  so  that  a reasonable  value  for 
Sg  = CpS/CD  may  be  obtained  with  the  assumption 
that  CDao  = C^o. 

Selection  criteria  for  the  type  of  drogue  chute  best 
suited  for  the  application  include: 

Maximum  flight  Mach  number  at  deployment. 

Supersonic  inflation  stability  and  Cx. 

Subsonic  drag  efficiency  or  CDS/W  . 

Installation  characteristics  and  serviceability. 

Reefing  characteristics. 

Of  course,  the  development  status  of  each  drogue 
type  must  be  sufficiently  well-advanced  to  support 
evaluation  of  the  criteria  with  firm  data. 

Numerical  Example 

Prior  calculations  for  System  B (Table  8.1 ) indicate 
that  a reasonable  maximum  allowable  dynamic  pres- 
sure for  deployment  of  the  main  parachute  with  one 
reefed  stage  is  q$m  = 77  psf. 

Given: 


Recoverable  weight 

W = 4000  lbs 

Trajectory  angle 

e = -90° 

Body  subsonic  drag  area 

CpA  = 4.0  ft2 
(C0  = 0.2) 

Body  diameter 

dp  = 5.0  ft 

Allowable  load  factor 

Drogue  requirements: 

Gx  - 6.0 

Trailing  distance 

Deployment  at:  ' 

>r  m 70  db 

Velocity 

Mach  1.5 

Altitude 

h • 20,000  ft 

Flight  path 

0-0° 

Calculations: 

Drogue  drag  area  requir’d  (subsonic)  from 
Equation  8-14: 

(CDS)  - [1.15  (4000)/77]  -4-55.7  ft2 

Size  estimate  for  trial  Cp0  - 0.5  to  identify 
order  of  magnitude: 

Sg  - 55.77.5  “ 111.4  U2  D0  - 11.9  ft 
Then 
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0 

1.70 


0.0979 

0.0072 


Dp/db  = 8.3/5  = 1.7  (Dp  ~ 0.7  D0  = 8.3  ft) 
and 

Cd/CDob~~0.9 

Appraisal  of  selection  of  criteria  for  deployment  at 
Mach  1.5  indicates  that  the  Hemisflo  drogue  affords 
best  inflation  stability  and  supersonic,  non-reefed 
drag  coefficient.  However,  when  reefed,  its  super- 
sonic performance  is  indistinguishable  from  that  of 
the  flat  or  conical  ribbon  types  (References  215 
and  5551  which  afford  a higher  subsonic  drag  co- 
efficient. All  three  are  ribbon  parachutes  and  satisfy 
other  selection  criteria  equally.  The  conical  ribbon 
canopy  with  a constructed  angle  of  15  to  25  degrees 
is  a gooc  candidate,  and  variable  porosity  may  be 
considered  optional. 

Calculation  of  Wake  Dynamic  Pressure.  The  esti- 
mated wake  effect  factor  of  the  foregoing  example 
may  be  verified  by  the  method  given  in  Chapter  7 
using  Equation  7-126  with  the  empirical  coefficients 
and  exponents  given.  For  a particular  drogue  system 
with  body  CD  and  drogue  trailing  distance  known,  the 
equation  expresses  the  wake  relative  velocity  (v^/v) 
as  a function  of  the  relative  distance  of  a point  from 
the  centerline  of  the  wake  (r/dp):  Recognising  the 
approximate  nature  of  the  solution,  rather  than  inte- 
grate the  resultant  dynamic  pressure  distribution 
across  the  canooy.  as  suggested  by  Equation  7-129  a 
satisfactory  solution  can  be  obtained(  by  a simpler 
procedure  in  which  only  v^/w  on  the  wake  centerline 
(r  = O)  and  at  r/dp  - Dp/2dp  are  calculated. 

From  the  example: 

Body  CD  - 0.2 

Drogue  x/dp  = 7 

Dp/dp  = 1.70  (=2rp/dp) 

The  coefficients  for  Equation  7-126  are: 

aw  = 0 42e°" 121  =0.512 

Kw  = 0.54e°'84<2>  =0.639 

The  exponents; 

m = 0.85;  n=0.47 

By  substitution,  Equation  7-126  reduces  to: 

* 0.0979e'°-903<2r,db>2 

and  the  wake  boundary  is  at 

2rw/db  = 0.639(7)°  47  - 1.60 

Thus,  the  drogue  canopy  is  essentially  equalin  diam- 
eter to  the  wake,  and  the  corresponding  ratios  are: 

2r/dp  AVyy/V 


The  shape  of  the  non-dimensional  velocity  distribu- 
tion curve  shown  in  Figure  6.42  justifies  use  of  a 
simple  linear  average,  so  that: 
hyw/v(avg)  = 0.0562 

v^v(avg)  = 0.944 

and  (djd^)  = 0.9447*  = 9,891 

which  corresponds  to  the  estimated  drag  coefficient 
ratio  used  (Cd/Cq 0.9). 

Fo:  other  values  of  Dp/dp  it  would  not  be  difficult 
with  the  aid  of  Fig.  6.42,  to  strike  a graphical  average 
for  Av^y/tr  commensurate  in  accuracy  with  the  accu- 
racy of  the  empirical  coefficient  given.  For  this  pur- 
pose, enter  Fig.  6.42  with  Zw  = Dp/rw  calculated  for 
x/dp  = /r/W6  of  the  body  drogue  system  to  locate  the 
canopy  radius  on  the  velocity  distribution  curve. 

Drogue  Reefing.  Since  the  drogue  drag  area  is 
frequently  determined  by  the  maximum  allowable 
dynamic  pressure  for  deployment  of  the  main  canopy, 
the  predicted  drogue  opening  force  at  the  maximum 
dynamic  pressure  condition  on  the  recovery  system 
initiation  envelope  may  exceed  the  system  design 
load  factor  (Equation  8-5).  In  this  case  the  drag  of 
the  vehicle  is  usually  a significant  fraction  of  the  total 
and  should  be  included  in  the  calculation.  The  maxi- 
mum allowable  reefed  drag  area  may  be  estimated 
with  Equation  8-6. 

Continuing  the  numerical  example  for  System  B, 
the  maximum  dynamic  pressure  at  Mach  1.5,  20,000 
feet  is 

qm  = 0.7  PM2  = 1532  psf 

Where 

P = 972.5 psf 

Given  a'  vehicle  drag  area  at  Mach  1.5  of  CpA  = 
6.0  ft2,  the  allowable  drogue  opening  load  from 
Equation  8-5  is 

Fx  = 4000  (6-0)  - 6(1532)  ~ 14,800  lbs 

A trial  calculation  is  made  with  Cx  * 1.0  to  establish 
the  order  of  magnitude  of  (from  Equation  8-6) 

(CoS)r  = 14,800/1532  = 9.7  ft2 

3/2 

Then  ^ » 30.2,  and  the  mass  ratio  at  20,000  feet 

altitude  is  approximately 

Rm  ~ 0.00127 (30.2)/124  = 3.1  (10~4) 

Reading  Fig.  6.25,  it  appears  that  the  opening  load 
factor  could  have  a maximum  value  in,  the  order  of 
Cx  **  1.2-1.3,  but  the  limited  amount  of  data  avail- 
able on  reefed  supersonic  ribbon  parachutes,  e.g., 


Reference  555 , shows  opening  load  factors  at  Mach 
1.5  falling  on  or  below  the  mean  curves,  which 
support  the  preliminary  estimate  of  Cx  = 1.0,  and 
(CDS)r  ~ 10  ft2  will  provide  a reasonable  starting 
point  for  trajectory  computations. 

For  comparison,  the  probable  maximum  non- 
reefed  drag  area  of  this  drogue  at  Mach  1.5  is  in  the 
order  of 

<C0S)  = °034(1 1 1.4 ) 33.4  -44.6  ft2 

while  supersonic  wake  effects  not  considered  at  this 
point  could  reduce  drag  area  and  Cx  significantly. 

Use  of  Body  Drag.  The  foregoing  example  raises 
the  question,  "Why  deploy  the  drogue  when  the  vehi- 
cle is  still  decelerating  rapidly  by  virtue  of  its  own 
drag?"  This  decision  is  not  made  arbitrarily.  Best 
practice  is  to  establish  the  upper  boundaries  of  the 
speed/altitude  envelope  for  initiation  of  recovery  at 
the  lowest  level  compatible  with  the  vehicle  mission, 
performance  characteristics,  and  reliability  goal  as 
derived  from  operational  analysis. 

Ordinarily,  supersonic  deployment  of  the  drogue 
will  not  be  required  unless: 

A higher  rate  of  deceleration  is  desired  than  can  be 
obtained  by  body  drag  alone. 

Mechanical  methods  of  reducing  the  body  ballistic 
coefficient,  such  as  flaps  and  spoilers,  are  inade- 
quate or  impractical. 

Subsonic  and/or  transonic  stability  of  the  vehicle 
is  marginal  or  deficient. 

Drogue  stabilization  is  a basic  requirement  of  the 
vehicle  upon  loss  of  power  at  supersonic  speeds,  or 
other  operational,  considerations. 

The  rate  of  descent  is  such  that  the  vehicle  does  not 


TABLE  8.8  A 

MATERIAL-STRENGTH  REQUIREMENTS 
FOR  RIBBON  PARACHUTES 


Class 

Suspension  Line 
Material 

(T.S.,  Lb,  Nylon) 

Ribbon 

Material 

(T,S.,  Lb,  Nylon) 

.1 

375  • 

100 

II 

550 

200 

Ilf 

1500 

300 

IV 

2300 

500 

V 

4000 

1000 

VI 

6000 

1500 

VII 

9000 

2000 

VIII 

12000 

3000  , 

go  subsonic  at  an  adequate  altitude  for  recovery  . 

Loss  of  vehicle  control  constitutes  a command  sig- 
nal for  automatic  initiation  of  recovery. 

Preliminary  Strength  of  Materials  Determinat1 
For  parachutes  deployed  under  near-infinite  <ss 
conditions,  an  empirically  derived  starting  o-  vt  for 
structural  design  is  provided  by  the  strer  of  nylon 
suspension  line  and  canopy  materials  given  in  Tables 
8-8A  and  8-8B  for  different  classes  of  construction. 
For  other  than  ribbon  parachutes,  strength  require- 
ments are  also  indicated  for  finite  mass  conditions. 
The  appropriate  structural  class  may  be  determined 
by  estimating  the  approximate  strength  of  suspension 
lines  required  from  the  relationship 

PR  * DfFx/Z  8-15 

A more  complete  preliminary  strength  of  materials 
determination  may  be  made  using  the  convenient 
short  methods  presented  in  Chapter  7. 

Identification  of  structural  weight  class  is  present- 
ed for  the  System  B conical  ribbon  drogue: 

Numerical  Example 

Given:  Conical  Ribbon  Drogue 
D0  = 11.9  ft 
DF  = 1.9 

To  be  deployed  reefed  at  Mach  1.5  and  q » 

1532 psf. 

Solution: 

The  deployment  conditions  and  opening 
load  justify  the  use  of  18  to  20  gores  in  the 
canopy  to  minimize  the  gore-width  between  • 
the  joints  at  the  skirt. 

By  Equation  8-15  the  strength  of  suspension 


TABLE  8.8  B 

MATERIAL-STRENGTH  REQUIREMENTS  FOR 
OTHER  THAN  RIBBON  PARACHUTES  , 


Class 

Suspension  Line 
Material 

(T.S.,  Lb,  Nylon) 

■ 

Surface 
Material 
(oz,  Nylon) 

1 

375 

1.1 

II 

550 

Finite-Mass 

1.6 

III 

1500 

Condition 

2.25 

IV 

2300 

3.5 

V 

4000 

4.75 

VI 

6000  . 

Infinite-Mass 

7.0 

VII 

9000 

Condition 

14.0 

VIII 

12000 

14.0 
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line  material  required  is 


22 


PR  = 1.9(15,000)/[1*)=[11f23slbS 

The  corresponding  structural  class  in  Table  8-8A 
is  Class  III  for  Ribbon  parachutes  with  15001b 
lines  and  300  lb  ribbons  in  the  canopy.  This 
result  provides  a reasonable  basis  for  prelimi- 
nary weight  estimates  and  a more  detailed 
structural  analysis. 

It  should  be  noted  that  while  the  method  of  deter- 
mining the  structural  weight  class  may  be  unconserva- 
tive for  reefed  parachutes,  the  need  for  somewhat 
stronger  material  in  the  crown  of  the  canopy  general- 
ly entails  a weight  increment  smaller  than  the  proba- 
ble error  of  the  weight  calculation  and  this. error 
tends  to  be  positive  most  of  the  time. 

Protection  of  Decelerator  Structures  from  High 
Temperatures  High  temperature  environments  antic- 
ipated in  storage,  operations,  or  sterilization,' will 
indicate  the  probable  need  for  materials  other  than 
nylon,  after  reasonable  measures  have  been  taken  to 
insulate  the  decelerator  pack  from  heating  transients. 
Provision  of  insulation  and  other  thermal  protection 
measures  fall  in  the  province  of  vehicle  design  proper 
and  need  not  be  considered  here. 

The  basic  drogue  structure  should  be  fabricated 
from  one  of  the  high  strength  to  weight  textiles 
ha-zing  viscoelastic  properties  at  both  normal  and , 
elevated  temperatures,  which  will  afford  a maximum 
impact  enerpv  absorbing  capacity.  In  those  areas  and 
members  where  predicted  surface  temperatures  may 
cause  melting  or  excessive  loss  of  strength,  one  or 
more  of  the  following  protection  measures  may  be 
found  adequate. 

1.  Modify  the.  design  factor  for  the  affected  mem- 
bers only  by  incorporating  a temperature  loss 
factor  (2)  estimated  with  the  aid  of  Figure  8.9 
for  a probable  average  temperature  applicable 
to  the  material  cross  section. 

2.  When  the  material  thickness  determined  by 
approach  (1)  is  judged  to  be  excessive  from  the 
standpoint  of.  reduced  structural-  flexibility, 
consider  application  of  one  of  the  protective 
coatings  listed  in  Chapter  4 which  will  increase 
(r)  and  the  allowable  strength  of  the  base  tex- 
tile to  the  level  required  for  acceptable  structur- 
al flexibility. 

3.  Subject  structural  test  specimens  to  a combina- 
tion of  loading  and  heating  transients  represent- 
ative of  the  predicted  conditions  during  deploy- 
ment and  inflation.  Measure  the  material  temp- 
eratures at  different  depths -within  the  cross- 
section  of  critical  areas.  Evaluate  an  average 


Fiber  Temperature  1°F) 

Figure  8.9  Temperature  Strength  Loss  of  High 
Tenacity  Synthetic  Textile  Fibers 

temperature  suitable  for  determination  of  r 
and  the  allowable  strength  factor  for  design  of 
the  affected  parts  of  the  structure. 

In  thos6  systems  where  the  aerodynamic  heating 
effects  are  found  to  be  too  protracted  for  solution  by 
the  above  measures,  the  present  state-of-the-art 
affords  a choice  of  flexible  materials  such  as  glass, 
stainless  steel,  etc.;  fabrics  which  retain  some  strength 
at  very  high  temperatures,  but  have  a relatively  small 
energy  absorbing  capacity.  However,  no  deployable 
drogue  applications  are  presently  known  in  which 
protracted  aerodynamic  heating  to  near-eqyilibrium 
temperatures  are  likely,  or  which,  if  experienced, 
would  be  attended  by  a tolerable  low-shock  deploy- 
ment and  inflation.  Fortunately,  stable  deceleration 
by  body  drag  alone  usually  can  be  counted  on  for  the 
first  stage. 

. On  theother  hand,  pre-entry  inflation  of  an  attach- 
ed inflatable  decelerator  made  of  such  materials  is 
presently  feasible,  (e.g.,  References  20,223  and 
224),  and  while  there  is  no  immediate  prospect  of  an 
aerospace  vehicle  program  having  this  type  of  opera- 
tional requirement,  the  entry  decelerator  presumably 
would  not  be  subject  to  excessive  impact  loading  of 
those  high  temperature  materials  cited  above,  now 
available  for  its  construction. 


Selection  of  Deployment  Method.  Salient  criteria 
for  the  selection  of  the  deployment  method  include: 

Reliability 

Duration  of  deployment  interval 

Structural  loads  generated 

Location  and  weight  of  decelerator  pack 

Type  and  size  of  obstruction  (if  any)  to  be  cleared 

Flight  velocity  and  dynamic  pressure 

Weight  and  bulk 

The  deployment  methods  and  equipment  described  in 
Chapter  3 fall  into  four  general  categories: 

1.  Extraction  and  stretching  of  the  decelerator  by 
a drag  device,  e g.,  pilot  chute  or  prior  stage 
drogue. 

2.  Forcible  ejection  of  the  decelerator  pack  by  a 
mortar,  "blast  bag",  thruster,  or  the  like. 

3.  Extraction  and  stretching  of  the  decelerator  by 
static  line  or  inter-stage  bridle. 

4.  Extraction  and  stretching  of  the  decelerator  by 
a projectile  (deployment -gun  slug,  etc.)  or  by  a 
small  rocket. 

The  limitations  imposed  by  the  recovery  system  appli- 
cation tend  to  narrow  the  scope  of  the  deployment 
method  categories  that  need  to  be  considered  at  one 
time.  Pilot  drag  devices  and  low  ejection  velocities 
are  generally  adequate  for  vehicles  having  high  ballis- 
tic coefficients  or  operating  under  conditions  where 
the  dynamic  pressure  is  appropriate  for  the  deploy- 
ment time  required.  Forcible  ejection  at  relatively 
low  velocities  also  may  be  satisfactory  under  such 
conditions.  Huckins347  discusses  the  particular  class 
of  problems  associated  with  parachute  deployment 
from  an  entry  vehicle  having  a low  ballistic  coeffi- 
cient. Because  such  vehicles  decelerate  rapidly,  the 
forcible  ejection  system  requires  a relatively  high 
ejection  velocity,  while  use  of  a prior  stage  drogue  for 
deployment  of  the  main  parachute  i?  subject  to  severe 
wake  effects  that  make  it  less  attractive.  The  extrac- 
tion rocket  may  be  judged  best  adopted  to  such  con- 
ditions and  affords  the  deployment  system  of  least 
weight,  except  when  a pilot  chute  or  prior  stage 
drogue  can  be  so  employed. 

Mortar  Ejected  Deployment  Bags.  The  deploy- 
ment bag  required*  for  mortar  deployment  of  decel- 
erator (Figure  8.10A)  has  the  simplest  design  re- 
quirements. because  its  resistance  to  line  and  canopy 
unfurling  should  be  minimum.  No  locks  are  required 
on  the  internal  canopy  partitioning  flaps,  nor  con- 
straints on  the  suspension  lines.  Disorganization  of 
the  suspension  line  bundle  is  prevented  by  stowing 
the  lines  in  short  bights  secured  by  free  elastic  bands, 
i.e.,  the  bands  are  not  attached  to  the  inner  wall?  of 


the  deployment  bag.  Unlike  the  bag-bridle  extraction 
process,  mortar  ejection  imparts  momentum  to  the 
entire  mass  of  the  pack  at  once  through  compression, 
so  that  no  temporary  internal  tension  members  are 
needed  to  maintain  order  among  the  decelerator 
components  as  they  deploy.  At  stretch-out,  the  bag's 
own  momentum  carries  it  away.  For  this  reason,  it 
has  been  good  practice  to  augment  the  deployment 
bag  mass  by  stitching  a dense  metal  disk  into  the  end- 
lining. The  mortar  pressure-sabot  also  may  be  used 
for  this  purpose,  when  securely  attached  to  the  end 
of  the  bag. 

Inasmuch  as  the  decelerator  may  be  pressure-pack- 
ed directly  in  the  mortar,  the  dimensions  of  the 
deployment  bag  are  less  critical  than  for  free  packs 
which  must  be  inserted  after  packing.  In  the  former 
configuration,  the  open  end  of  the  bag  is  necessarily 
at  the  muzzle,  and  the  decelerator  riser  is  secured  to 
the  bag  closure  lock  at  that  end,  emerging  directly 
through  an  opening  between  the  muzzle  and  the 
muzzle  cover.  When  the  integral  mortar  pack  is 
ejected,  it  turns  end-for-end  immediately  as  the  riser 
tension  builds  up  to  unlock  the  bag  mouth.  In  the 
latter  configuration,  the  free  pack  may  be  inserted 
with  the  locked  end-closure  against  the  sabot.  Then 
the  riser  is  led  out  to  the  muzzle  along  one  side  of  the 
pack  and  the  ejected  pack  does  not  have  to  turn  over. 
However,  this  arrangement  usually  has  no  significant 
operational  advantage;  the  integral  mortar  pack  is 
widely  used  because  of  its  greater  simplicity  and  bulk 
efficiency. 

Bridle  Extracted  Deployment  Bags.  The  deploy- 
ment bag  design  required  for  extraction  by  pilot 
chute,  prior  stage  drogue,  or  other  means  (Figure 
8.1  OB)  must  incorporate  a strong  bridle  harness  and 
longitudinal  members  capable  of  transferring  the 
extraction  tension  along  the  length  of  the  pack  to  the 
end  closure.  The  end  closure  and  reversible  locking 
system  must  be  strong  enough  to  withstand  the  iner- 
tial (set-back)  force  of  the  decelerator  mass  in  the 
pack.  Disorganization  of  suspension  lines  is  prevent- 
ed by  securing  bights  of  the  line  bundle  at  frequent 
intervals  with  elastic  or  breakaway  ties  attached  to 
the  bag  side  walls.  A similar  set  of  breakaway  cords 
may  be  used  to  restrain  bights  of  the  canopy  bundle 
in  its  compartment,  both  prior  to  and  during  extrac- 
tion, but  under  most  deployment  conditions,  the 
internal  partitioning  flaps  and  wall  friction  are  suffi- 
cient to  control  the  canopy  mass. 

The  stabilizing  effect  of  internal  friction  is  most 
effective  in  a firm  dense  pack;  soft  packs  are  easily 
disorganized.  All  the  internal  constraints,  working 
together  witn  the  bag  mouth  closure,  prevent  the 
decelerator  from  being  dumped  precipitously  from 
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B)  Bridle-Extraction  Bag  Pack 

Figure  8. 10  Schematic  Arrangement  of  Two  Different  Deployment  Bag  Designs 


the  container  until  it  has  been  released  by  increasing 
bridle  tension  which  actuates  the  unlocking  device, 
e.g.,  lacing  cutters  or  equivalent.  Subsequently,  they 
function  to  ensure  orderly  unfurling  of  lines  and 
canopy  during  the  stretch-out  process,  and  the 
deployment  bag  prevents  premature  initiation  of 
canopy  inflation.  Complete  stretch-out  is  promoted 
lay  a bridle  on  the  apex  of  the  canopy  attached  either 
permanently  or  with  a breakaway  cord  strong  enough 
to  give  thedecelerator  an  effective  tensioning  impulse. 
The  permanently  attached  bridle  must  be  long 
enough  to  permit  complete  stripping  of  the  bag  from 
the  canopy  and  strong  enough  to  retain  the  pilot 


chute  against  its  augmented  impact  load.  The  break- 
away bridle  attachment  is  used  most  often  when 
deployment  is  effected  by  a prior  stage  drogue,  but 
also  may  be  used  when  retention  of  deployment  bag 
and  pilot  chute  may  have  an  adverse  effect  on  the 
inflation  or  operation  of  the  main  canopy. 

Pilot  Chutes.  Many  different  types  of  pilot  chutes 
have  been  developed  and  some  are  available  as  off- 
the-shelf  items,  primarily  for  personnel  parachutes 
and  small  target  drone  recovery  systems.  The  central 
design  requirements  for  a pilot  chute  are: 

Fast,  reliable  opening 
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Good  stability 

Effective  drag  area  sufficient  to  extract  and  decel- 
erate the  main  canopy  (or  deployment  bag)  at  an 
acceptable  rate  when  the  dynamic  pressure  is  the 
operational  minimum  for  the  system. 

The  first  requirements  can  be  satisfied  by  canopies  of 
many  different  types,  particularly  the  smaller  ones 
equipped  with  ooening  springs.  Opening  springs  are 
not  practical  in  large  pilot  chutes,  and  other  aids  such 
as  pocket  bands  or  the  flared  skirt  may  be  used.  The 
Ringslot  canopy  is  frequently  used  for  large  pilot 
chutes,  while  ribbon  canopies  may  be  employed  at 
high  dynamic  pressures  where  greater  strength  is 
needed.  Ip  the  small  to  intermediate  size  range,  a low 
porosity  Ribless  Guide  Surface  pilot  chute  has  satis- 
factory opening  characteristics  and  is  used  over  a 
broad  speed  range  through  the  transonic  regime. 

Stability  requirements  are  satisfied  by  the  differ- 
ent canopy  designs  cited  above,  including  the  vane 
type  with  an  internal  opening  spring.  Maximum 
oscillations  on  the  order  of  ±5  degrees  are  usually 
tolerable  in  the  wake  of  the  vehicle,  deployment  bag, 
and  stretched-out  main  canopy,  as  deployment  pro- 
gresses. 

The  CDS  requirement  depends  on  the  definition  of 
the  minimum  stretch-out  rate  acceptable.  The  pilot 
chute  drag  area  may  be  expressed  by  the  ratio 

'Rp  = (CpS)p/(CpS)0 

where  (CDS)0  is  the  drag  area  of  the  fully  inflated 
main  canopy.  The  drag  area  ratios  given  in  Table  8.9 
have  been  found  to  be  generally  adequate  over  the 
speed  ranges  indicated,  but  when  the  main  canopy 
deployment  time  is  critical,  the  probable  bvrnax 
should  be  evaluated  by  one  of  the  methods  given  in 
Chapter  7. 

TABLE  8.9  PILOT  PARACHUTE  RELATIVE 
DRAG  AREA 


Deployment  Speed  Pilot  Chute 

kts  EAS  Rp 

50  - 200  .03 

200  - 300  .02 

>300  .01 


In  addition,  for  preliminary  design  purposes  the 
pilot  chute  drag  coefficients  and  infinite  mass  open- 
ing load  factors  given  in  Table  8.10  may  be  used.. 
In  order  to  obtain  adequate  pilot  chute  extraction 
effort  in  the  wake  of  the  body  or  vehicle,  the  length 
of  the  bridle  should  be  sufficient  to  provide  a canopy 
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trailing  distance  of  lT  ~ 6dp.  For  operation  in  the 
wake  of  a reefed  main  canopy,  lT  ~4Dpf  is  generally 
adequate.  In  those  instances  where  adequacy  of  the 
pilot  chute  is  in  doubt,  the  wake  effect  should  be 
appraised  by  one  of  the  methods  given  in  Chapter  7. 


TABLE  8.10  PILOT  PARACHUTE 
PERFORMANCE 


Type 

<* 

°Dc 

Vane 

2.5 

0.55 

Ringslot 

1.5 

0.60 

Ribbon 

1.4 

0.53 

Ribless  Guide 
Surface 

2.0 

0.44 

Snatch  Force.  One  of  the  instances  in  which  the 
snatch  force  constitutes  a critical  design  load  is  when 
a permanently  attached  pilot  chute  is  used  for  deploy- 
ment of  the  main  decelerator.  As  noted  in  Chapter  7, 
when  the  shock  onset  is  excessive,  traveling  strain 
waves  are  induced,  the  effects  of  which  are  complex 
and  not  yet  amenable  to  analytical  treatment  with 
any  assurance  of  success.  Therefore,  the  following 
numerical  example  is  calculated  by  the  short  method 
afforded  by  Equations  6-1  and  6-2. 

Numerical  Example 

A permanently  attached  pilot  chute  has  the  following 
characteristics  pertinent  to  the  problem: 

Given: 


CDS  = 24.4  ft2 


Component 

Weight 

lbs 

Mass 

lbs 

Length 

ft 

Canopy 

,1.27 

.0395 

- 

Suspension  lines 

0.57 

.0177 

10.87 

Bridle 

1.53 

.0476 

28.84 

Load/strain  characteristics  of  lines  and  bridle 
per  Fig.  7.6  with  Pu  * 7046  lbs,  gs  = 70 psf  at 
18,000  ft  MSL  Ip  ~ .00135  si /ft3}.  The  pilot 
chute  is  fully  inflated  throughout  the  operation. 

Calculations: 

The  drag  at  main  canopy  stretch  is  simply 
D - 24.4(701  = 1708  lbs 

Since  the  pilot  chute  is  fully  inflated,  the  cano- 
py mass  includes  the  added  air  mass  or 

m’c  * Mc+mg  = .0395  + . 107 = 0. 146  slugs 
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where  (see  Page  344) 

ma  - P(Cq^I3/  Ka 

= .00135  (24.4 )3/2  Ka  . 

and  Ka  is  the  added  air  mass  coefficient,  for 
which  a reasonable  empirical  value  is  Ka  =0.66 
(see  Chapter  6).  The  effective  pilot  chute  mass 
for  Equation  is 

m = 0. 146+ (.0177  +.0476)72=  0. 179  si 

The  average  effe  .tive  spring  constant  may  be 
estimated  for  the  design  limit  load  condition 
represented  by  Py/2  = 3523  lbs  where  e = 0.121 
(Fig.  7-6  ).  Extending  a tangent  from  this  point 
on  the  curve  to  T = 0 yields  e = .063.  which 
may  be  treated  as  the  creep  in  the  static  test 
which  wjll  not  be  present  under  dynamic  load- 
ing conditions.  Also,  lines  and  bridle  are  under 
some  preload  due  to  the  inertia  of  the  main 
parachute,  whicn  reaches  full  line  and  canopy 
stretch  at  this  time.  Then  by  Equation  6-5 

Kt  = 3523/(10.87  +28.84)  (.121  -.062) 
= 1504  lb/ft 

Substitution  of  these  values  in  Equation  6-2 
gives 

Fj  = A vm[.179(1504)\»  = 16.4  Avm 

and  by  Equation  6-1 , the  snatch  force  is  approx- 
imately 

Fs  = 16.4  tvm  + 1708 

then  the  snatch  force  would  be  equal  to  the 
limit  load.for  a separation  velocity  in  the  order 
of 

Avm  = (3523-1708)716.4=  111  fps 

The  probable  separation  velocity  may  be  esti- 
mated with  the  aid  of  Fig.  8.16,  for  which  the 
characteristics  of  the  main  parachute  also  are 
required  as  follows: 


Component 

Weight 

lbs 

Mass 

s) 

Length 

ft 

Canopy  in 
deployment  bag 

96.9 

3.01 

— 

Suspension  lines 

29.2 

0.91 

120.3 

Risers 

11.7 

0.36 

11.4 

Pilot  chute 

3.37 

0.10 

— 

Here  the  effective  parachute  mass  is 

mp  = 3.01  + .10  + (.91  + .36)72  = 3.75  si 
and  length 

la  * 120.3+  11.4=  131.7  ft 
The  ballistic  parameter  of  the  parachute  pack 


with  pilot  chute  is 

pfCoSitfortmp  = .00135(24.4)  131.772(3.75) 
= .0578 

Then  from  Fig,  a 16  for  Kp  = 0,  Avm7vQ  = 0.593 

The  deployment  conditions  for  the  main  para- 
chute are  given  as  q = 90  psf  at  18,000  ft  MSL 
for  which  the  corresponding  true  air  speed  is 

vd  = [2(90)7.00135]*  =365  fps 

then 

Avm  ~ (.593) 365  = 216.4  fps 

This  will  be  reduced  somewhat  by  resistance  to 
extraction  by  the  suspension  line  constraints  in 
the  deployment  bag.  The  average  force  over 
the  interval  Af  is  estimated  to  be  F = 20  lbs, 
and  for  an  assumed  uniform  separation  acceler- 
ation 

Af  * 2la/Avm  = 2(132)7216  '=  1.22  sec 

The  velocity  reduction  due  to  this  impulse  is 
approximately 

Avx  » F At 7m p = 20(1.22)73.75  = 6.5  fps 
So  that  at  main  canopy  line  stretch 
Avm  = 216.4  - 6.5  ~ 210  fps 

but  the  pilot  chute  continues  to  decelerate  for 
an  additional  interval  as  it  strips  the  deploy- 
ment bag  from,  and  stretches  the  main  canopy. 
The  additional  distance  traveled  derived  from 
the  canopy  dimensions  is  roughly  54  feet,  inclu- 
ding an  estimated  5%  elongation  of  the  struc- 
ture. Assuming  that  the  relative  acceleration 
continues  constant  at  a=216/1.22  =177  ft/set? 
over  this  distance  with  v1  m 210  fps 

v 2 m Wj2  +2aAs)ii  = 

= [210?  + 2(177)54 ] * * 251  fps 

and  the  pilot  chute  impact  load  will  be  consid- 
erably greater  than  the  assumed  limit  load. 
This  result  justifies  increasing  the  effective 
spring  constant  to  that  represented  by  the  max- 
imum slope  of  the  static  load  curve  in  Fig.  7.6  . 
Whereupon: 

r - 5000  lbs 
E = 0.142 
e0  = 0.082 
and 

Kt  = 5000/39. 7(.060)  = 2099  lb/ft 
Then  by  Equation  6-2  with  Avm  = v2  = 251  fps 
Fj  • 251  [.1 79(2099}]*  = 4864  lbs 
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and 

Fs  = 4864  + 1708  = 6572  lbs 

vyr».»  h is  c'ose  enough  to  ttvte  ultimate  to  risk 
fa- Sure 

Ejection  Mortars.  Of  the  various  devices  described 
m Chapter  3 designed  to  forcibly  eject  a decelerator 
pack  into  the  airstream  ana  initiate  deployment,  the 
mortar  is  most  frequently  used  when  extraction 
‘deployment)  by  f>ilot  chute  or  other  drag  device  is  not 
' teasoie  The  si/e  and  we  qht  of  the  peck  to  be  ejec- 
ted is  not  so  much  a limiting  fac  tor  as  is  the  ability  of 
the  vehicle  to  withstand  the  faction  impact  Usually 
the  ejected  mass  is  a relatively  small  fraction  of  vehi- 
cle mass  and  the  ejection  velocity  is  in  the  range  from 
100  to  150  fps  so  that  a mortar  of  small  length  to 
diameter  ratio  (I/d)  may  be  used  without  generating 
excess.ve  reaction  loads  When  it  is  necessary  to  mini- 
mize the  rea>  tiort  moment  applied  to  (he  vehicle,  the 
mortar  axis  may  be  directed  close  to  the  vehicle  mass 
center  , 

To  obtain  good  mortar  performance,  the  deceiera- 
tor should  be  pressure  packed  to  a high  density 
(~~ 35-34  lb/ftJ)  and  the  mortar  cartridge  and  breech 
deveiofied  to  maintain  the  internal  pressure  ratio, 
p/pm  as  close  as  possible  to  unity  donnq  the  working 
stroke.  p/pm  M 0.7  is  readily  attainable  and  values 
greater  than  0 8 have  been  realized  in  refined  designs 
(Ref  5561  A high  pressure  breech  with  eroding  gas 
injection  orifice  may  be  used  for  this  purpose.  With- 
out this  feature  the  pressure  ratios  up  \o  p/pm"~  0.6 
uvng  boron  potassium  nitrate  as  a protieUant.  one  of 
the  few  that  burn  efficiently  at  low  pressures.  When 
the  i>eak  mortar  reaction  load  is  riot  critical  to  vehicle 
design,  substantial  savings  in  hardware  and  develop- 
ment costs  may  be  reau/ed  by  eliminating  (he  high 
pressure  breech.  Because  the  weigh  t of  the  propellant 
charge  is  relatively  small,  it  ha;  t>een  practical  to'burn 
common  pojpellants  at  low  pressure  in  many  mortar 
applications 

Smte  the  piston  (sabot)  area  is  constant,  the 
reaction  force  ratio  F/f m • p/pny 

The  mortar  muzzle  cover  is  usiially  retained  by 
shear  pms  of  a predetermined  failure  point  but  capa- 
ble. of  resist  ng  any  probable  p»e  deployment  inertial 
<>f  pressure  toad  with  a large  margin  of  safety  Con- 
sequently, an  overly  soft  pack  would  be  severely  com- 
pressed. absocbmq  considerable  energy.  before  the 
cpvec  is  pushed  oft 


where  Wx  is  the  weight  ejected,  Ws  is  the  S3bot  and 
hVc  the  cover  weight.  The  ratio  (iVx  * wc>Mm 
dec.re  -?s  somewhat  with  increasing  mortar  size  along 
with  as  shown  in  Fig  8 ll  Actual  weight 

data  for  mortars  of  good  efficiency  having  muzzle 
velocities  in  the  range  from  irx  = 100- 140  fps  are  also 
plotted  in  Fig.  8.11.  The  broken  curves  indicate 
practical  minima  for  good  mortar  designs  and  pack 
aer.s.ties  c ^5  to  45  lb/ftJ  As  noted,  the  mortars 
tor.  spacecraft  landing  systems  generally  have  the 
highest  specific  performance 


20  40  60  SO  tOO  >40 

tVp  - Lb* 


•)  Mortar  Waight  v»  Oacalarator  Pack  Weight 


O 20  40  60  . 90  100  120 


**p  - tba 

t>)  Variation  of  Mortar  Waight  Ratio*  with  Wp 
Figuro8.11  Ejoction  Mortor  Woight  Dot* 


lh«  elected  mass  consists  of  the  decelerator  park 
plus  the  salxit  and  mu//!e  cover,  but  the  weight  of 
these  latte*  items  is  chargeable  to  the  mortar  Thus, 
for  • onvenienre  of  weight  estimation  the  ratio  of  the 
mortar  weight  to  the  deCelerat**  pack  weujht  is  <fe 


Numerical  Example 

According  to  Figure  8.11,  an  efficient  mortar 
design  Such  as  that  described  in  Reference  566  would 
yield  , 


fined  as 


Given  Deceierator  pack  -weight  * 60  lbs 
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wm/wp  = 0.305 

Mortar  w^s g»^t . 

Wm  = 18.3  lbs 
Wx-Wp)Wm  = 0.218 
SatOT  p.  js  cover  weight. 

ws*wc  = Wx-l Vp  = 0.218  Wm  =4.0  lb 

E ic*  ted  weight . 

Wx  = Wp  + + Wc  = 64.0  lbs 


Extraction  Rockets.  As  a vco/ment  device,  the 
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Figure  8. 12  Rocket  Specific  Impulse  Retio  ef  Bum 
Tune  (Ref.  b74l 


Calculations 

Reciu.red  » 2(100/1.0 I = 200  fps 

T o'ai  impulse  » Ftf,  = mAv  + ~W  + Wsindtfr 
= 387.8  lb-sec 

Wh-e 

m - W/2g  0.933  */  t neglec  ting  rocket) 


»V  = r/2  = 30lb 
slnd  = .707 

Rocket  Total  Impulse  = 388  lb-sec 

profiellant  wt  = 388/22G  - 1 76  lb 
we  ight  - 1 76/  65-  2 71  lb 
Additional  components  < hargeable  to  the  extraction 
rocket  installed  weight  include  its  container  /launch* 
and  a suitable  s’eel  cable  bridle 

Since  the  initial  acceleration  of  the  rocket  befor 
the  hri'i'e  . o' ties  taut  will  be  very  h.gh,  the  bridl 
impact  load  on  the  detclerator  'pack  most  be  atter.i 
a:ed  by  so  table  means  such  as  a senes  of  break awa 
lasl.ir.qs  and-'or  a length  of  nylon  webbing  in  sern 
with  tr.e  steel  < able  bndle  If  a short  bridle  c ouplir 
is  desired  between  rocket  and  deployment  bag  a ua 
of  ve.  tyred  nr.y/:es  may  he  used  to  protect  the  pac 
trrjtr;  tei  damage  A 46  degree  thrust  vector  on  eat 
s.de  of  the  rocket  axis  in  the  above  ekample  wo-i; 
ir.rri.ise  the  weight  of  the  fCXket  by  'Oughly  4 
pefl  HVt 


Weight  and  Volume.  D«  el-rjtor  weight  jppra.s 
and  * r.  .lot  ting  is  an  important  ad|u:K*  to  recover 
System  desiijn  A detailed  weight  i’a'erT.ent  cor.SiS 
i f a tab'e  Lst  nq  ad  the  members  of  the  dec  el-rat 
asset' ply.  the.'  lengths  (or  areas!  and  their  uf 
wr.qhts  Total  lengths  ior  areas!  are  Summed  ai 
multuvlied  by  the  corresponding  unit  vye.ghtS  to  C 
tarn  the  vwm/it  of  eac  h set  of  components  This  it 
Cinq  pr  iced  are.  that  1 an  only  be  tarried. out  a<  i ura' 
ly  alter  the-  ytruc  tural  design  .s  well  defined  Sin 
M tu.kl  material  unit  weights  are  seldom  known  wi 
tm*  isn>n  in  advance  of  procurement . a generally  c 
servitive  Sc  .lotion  is  obtained  using  the  maximum  ui 
‘.ve'ijhiS  given  in  MIL  and  similar  Sue*  if'  ations 

For  preliminary  design  purposes,  various  shi 
n i-thods  ot  estimating  deielerator  weights  have  I* 
developed  These  depe  nd  upon  available  weight  s 
tistics  for  derelerators  of  efferent  structural  class 
types,  sues  and  design  limit  oiH-rung  Iliads  Sm 
parj.  hutes  weighing  as  much  as  900  lbs  have  tx 
fabricated. 

The  der ''Iterator  par  k volume  is  a fun<  tion  of 
pat  king  method  used  and,  lo  some  exrent,  of 


density  of  the  textile  materia!  (nylon,  dacron,  nomex, 
etc  ).  Packing  methods  differ  primarily  in  the  unit 
compressive  pressure,  fhat  can  be  applied  to  the  fold- 
ed decelerator  fabric  in  the  container  This  varies 
somewhat  with  the  shape  of  tne  container  and 
whether  the  pressure  is  appliecf  to  the  container  as  a 
whole  after  it  has  been  filled  or  progressively  on  seg- 
ments of  the  decelerator  as  su<xessive  folds  of  fabric 
are  inserted  Progressive  compression  during  parking 
is  the  method  most  commonly  used  and  yields  the 
highest  average  pack  densities  On  occasion,  para- 
chute packs  of  over  two-thirds  the  density  of  solid 
nylon  have  been  made  with  the  aid  of  a hydraulic 
press. 

Parachute  Weight.  Tl  veight  of  new  parachute 
designs  may  be  estimated  with  the  aid  of  available 


Pigura  A 13  Parachuta  Wtight  vt  D0  Typical  for 
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weight  statistics  for  existing  models  of  similar  design 
and/or  class  of  construction  Such  data  usually  plot 
as  stra'ght  lines  on  log-log  graphs  of  weight  versus 
D0  as  shown  in  Fig.  8 13  for  parachutes  in  the  light- 
weight classes  L and  I All  members  of  one  construc- 
tion class  tend  to  fall  on  the  same  line  and  the  differ- 
ent class  lines  are  gcr  ■ ai'y  parallel  as  appears  in  Fig. 
8.14  Deviations  from  *ne  mean  represent  the  effects 
of  differences  in  line  length  ratios  tlg/Dg),  canopy 
reinforcements  and  relative  number  of  goies  (N/Og) 
Also,  the  actual  unit  weic^its  of  the  textiles  used  are 
usually  less  than  the  maxima  given  in  MIL  specifica- 
tions 


When  the  number  of  existing  parachute  models  is 
insufficient  for  curve  plotting,  the  combined  weight 
of  canopy  and  suspension  lines  may  be  estimated 
*'-  th  fair  accuracy  utilising  this  relationship  given  in 
deference  317. 

% * S0we*ZI9w,  816a 

Where  wc  is  the  unit  weight  of  an  existing  canopy  of 
similar  construction  calculated  from  the  measured 
weight  with  Equation  8-  16a  rewritten  in  this  form: 

Wc  - Wp-ZI9Wi)/0  8-16b 

and  Wf  is  the  unit  weight  of  the  suspension  line  cord 
appropriate  to  each  design  (obtained  from  pertinent 
specifications).  The  use  of  l9  in  place  of  la  is  justified 
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because  the  length  of  riser  branches  above  the  keeper 
(when  present)  >s  relatively  short  and  may  not  be 
known  or  conveniently  determined. 

Statistical  weight  data  for  several  different  types 
of  polysymmetric  circular  parachutes  have  been 
reduced  to  the  form  given  in  Table  8.11  from  which 
coefficients  a and  b may  be  obtained  for  calculation 
of  parachute  weight  with  this  expression. 

W‘p*,D02+bD0  8-17 

The  solution  provides  a reasonable  weight  estimate 
for  a parachute  falling  in  one  of  the  construction 
classes  given  in  Tables  8 8A  and  6 8B  and  having  a 
relative  line  length  of  lg/'0Q  » 1.0. 

A good  approximation  of  the  weight  of  a con- 
ventional rijer  assembly  may  be  made  with  this 
expression 

WR  - 1.1  ZR  Ww(lg  + lR)  8-18 

Where  lR  is  the  length  of  the  riser  below  the  keeper. 
IB  the  length  of  the  branches  above  the  keeper  and 
is  the  unit  weight  of  the  webbing  p'ies  in  one  of 
ZR  branches. 

Complete  Deceferator  Pack  Weight.  In  addition  to 
canopy,  suspension  lines  and  risers,  the  completely 
packed  decelerates  assembly  includes  a variety  of 


hardware  items  (links,  reefing  rings,  cutters,  etc.j,  the 
deployment  bag.  and  miscellaneous  rigging  compo- 
nents. For  preliminary  design  purposes  the  pack 
weight  and  volume  may  be  estimated  with  reasonable 
accuracy  from  the  calculated  decelerator  and  riser 
weights  as  follows. 

Wp  * (W’  + wRt  819 

**  - 8 20 

Where  the  average  pack  density.  6pi  may  be  obtained 
from  Table  8.12  for  the  packing  method  found  to  be 
compatible  with  the  overall  mission  constraints.  . 

Complete  Recovery  System  Weight.  Recovery  sys- 
tem weight  statistics  for  a large  number  of  different 
vehicles  have  been  compiled.  A summary  breakdown 
of  the  weight  fractions  in  percent  of  vehicle  gross 
weight  of  the  recovery  system  structure,  parachute 
subsystem,  and  control/f  uation.  subsystem  is  pre- 
sented in  Fig.  8.15 


TABLE  8.11  CONSTANTS  • AND  b FOR  VARIOUS  CANOPY  TYPES  AND  CANOPY  MATE  RIALS 


Canopy 

Type 

1.1  0* 

1.6  oz 

2.25  oz 

2.5  oz  4.75  oz 

14  oz 

1.1,  1.6, 
2.25  oz 

3001b 

ICOOlb 

Flat 

Circular 

a 0.013345 
F -0.0113 

0.02526 
-0  01 04 

0 03885 
•0  03185 

0.0612 

0 0221 

E x tended 

Skirt 

a 0.01435 
b -0.00993 

0.02043 

-0.01017 

002951 

-0.02420 

Personnel 

Guide 

a 0.011963 
b 0.008290 

0.01734 

•0.01038 

Ribbed  & Ribless 
Guide 

a 

b 

009 

060 

0.36 

1.02 

Ribbon 

a 

b 

0.0585 

-0.1445 

03849 

-0.4521 

Ringslot 

a 

b 

0.05424 

-0.16050 

0.1496 

-0.4090 

) 
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TABLE  8.12  DECELERATOR  PACK  DENSITIES 


Packing  Method 


Manual  (normal) 

Manual  (firm) 

Vacuum 

Lacing 

Air-press 

Hydropress  (normal) 

Hydropress  (heavy) 

Reference  densities 

Folded  parachute  (uncompressed) 
Nylon  textile  (webbing) 

Solid  nylon  (monofilament) 


Density  Range 
lb/ftJ  lb/in3 


21-23 

.012-.013 

24-27 

.014-. 016 

30-33 

.017-019 

3040 

.017-023 

3141 

.01 8. 024 

4044 

.023.025 

4547 

.026-027 

0.011 
0 023 
0.0386 


Figurt  8. 15  Recovery  Sytttm  Weight  Breakdown 
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Acceleration  Measurement,  232 

Actuation  Subsystems,  111,  117 

Adapters,  1 36 

Aerial  Engagement,  319 

Aerial  Pickup,  60 

Aerodynamic  Forces,  Steady,  232 

Aerodynamic  Heating,  313 

Air  Force  Flight  Test  Center,  216 

Air  Permeability,  Testing,  210,  21 1 

Airbags,  322 

Aircraft 

Crew  Modules,  30 
Deceleration  Systems,  49 
Landing  Approach  Paracnutes,  53 
Landing  Deceleration  Parachutes,  5 
Spin  Recover/  Parachutes,  53 
Tow  Testing,, 206 
Airdrop 

Material,  37 
Parachute  Systems,  41 
Special  Systems,  44 
Personnel,  46 
Test  Vehicles,  224,  226 
Air-to-air  Retrieval,  60 
Altitude  Switches,  ! 15 
Analysis,  Fundamental  Relationships,  332 
Apex.  Retraction.  Canopy,  299 
Applications,  see  Specific  use 
Apollo  Earth  Landing  System,  15 
Atmosphere  Properties,  1 1 1 
Attached  Inflatable  Decelerator  (AID),  57 
Automatic  Ripcord  Releases.  120 
Axial  Force  Coefficient.  264 

Background,  xxxiii 
Ballistic  Ranges,  217 
Balloon,  Carrier,  202 
Ballutet,  77 
Bomb  Deceleration,  56 
Bomb  Lifting  Decelerator,  57 
Bomblet,  Decelerator,  58 
Boosted  Test  Vehicles,  227 
Boosted  Vechile  Testing,  202 
Booster  Recovery,  1 8 
Break  Cords,  131. 

Bridles,  131 

Canopy 

Apex  Retraction,  299 
(circular).  Static  Stability,  299 
Filling  Time,  250 
Geometry,  78 
High  Glide.  303 


Inflation  Aids,  248 
Porosity,  289 

Pressure  Distribution  Measurement,  309 
Sizing,  403 
Skirt  Reefing,  295 
Spreader  Gun,  121 

Stress  Distribution  Measurement,  311 
Types,  80 

"CDS"  Parachute  Delivery  System,  38 
China  Lake,  217 
Clevises,  137 

Cluster  Parachute  Drag  Coefficient,  264 
Cluster  Parachute  Stability.  307 
Clustered  Canopies,  247 

Clustered  Parachute  Parachute  Opening  Forces,  261, 
341,411 

Coefficient,  see  Specific  use 
Conical  Extension  Parachute,  63 
Connector  Links,  134 
Construction  Details.  185 
Control  Devices,  1 1 1 
Control/Actuation  Sub  systems,  111 
Critical  Opening  Speed  ("Squidding"),  249 
Crushable  Materials,  322 . 

Cut  Knives,  136 

Data  Bank,  Parachute,  xxxv 
Decelerator  Characteristics,  73 
Decelerators,  Non-Parachute 
Balloon  Types,  109 
Paravulcoon,  1 10 
Rotating  Blades,  110 
Deployment, 

Bags,  131, 132,427 
Components,  130 
Forces  (Snatch),  238 
General,  235 
Method  Secection,  427 
Sequences,  235 
Descent  Characteristics,  268! 

Design  Criteria,  402 

Design  Factors,  413, 414 

Diameter,  Nominal,  73,  79,  294 

Differential  Velocity,  240 

Disconnects,  127 

Drag  Area  Control,  295 

Drag  Coefficients,  73, 262 

Drogue  Body;  Systems,  Stability,  378 

Drogue  Reefing,  424 

Drogue  Structure,  Heat  Resistant,  313 

Drop  Testing,  200 

Dugway  Proving  Ground,  215 

Dynamic  Pressure  Measurement,  232 
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Dynamic  Stability,  3C7 

ECM  Jammer  Deceleration,  59 
Edwards  Air  Force  Base,  213 
Effective  Length  of  Suspension  l ines,  293 
Effective  Porosity,  289 
Ejection  Devices,  119, 427 
Ejection  Seats,  27 
Emergency  Recovery,  21 
Encapsulated  Seats,  30 
Environmental  Simulation,  212 
Environments,  Earth  & Planetary,  xxxv 
Equipment,  Manufacturing,  191 
Equipment,  Test,  213 
Experimental  Materials,  177 
Extraction  Parachutes,  44 

Fabrication  Methods,  181 
Fabrics,  173 
Fabrics.  Coated,  178 
Facilities,  Test.  213,  218 
Filling  Distance,  252 
Filling  Time,  250 
Flare  Parachutes.  58 
Flight  Test  Vehicles,  224 
Flotation  Devices.  140 
Force  Measurement,  232 
Forces,  see  definite  typet 
Fort  Bliss,  213 

Friction  (Material)  Tasting,  210 
Function  and  Performance  Checks,  208 

Gemini  Parachute  Landing  System,  1 1 
Gliding  Parachutes,  77 
Gore  Shape,  79,  293 

"HAARS"  Parachute  System,  40 
Hardware,  a/so  tee  specific  items,  1 34 
Harnesses,  134 
Hems,  185 

Heating,  Aerodynamic,  313, 366 
Heat  Resistant  Drogue  Structures,  313 
High  Glide  Canopy,  301 
High  Glide  Systems,  383 
High  Temperature  Resistant  Materials,  177 
Hilt  Air  Force  Base,  215 
History  (Background),  xxxiil 
Holloman  Air  Force  Base,  213 
Holloman  HigH  Speed  Test  Track,  217 
Hurricane  Mesa,  218 

Impact  Attenuation,  321 

Impact  Attenuation  Subsystems,  138, 387 


Impact  Strength,  209 
Infinite  Mass  Condition,  74 
Infinite  Mass  Load  Factors,  261 
Inflation 

Decelerator,  243 
Aids,  248 

Decelerator,  System  Motion,  334 
Internal  Load  Distribution,  308 
Internal  Load  Prediction,  351 
Instrumentation 
Range,  232 
Test  Vehicle,  231 

Joint  Testing,  208 

Kevlar,  also  see  Textile  Fibers  & Yams,  xxxv 
Kirtland  Air  Force  Base,  218 

Laguna  Army  Air  Field,  215 
Landing  Approach  Parachute,  53 
Landing  Bags,  139, 388 
Landing  Condition  Simulation,  212 
Landing  Deceleration  (Drag)  Parachutes,  50 
Landing  Dynamics,  319,  386 
"LAPES"  Airdrop  System,  39 
L/D  In-Flight  Modulation,  277 
Lighweight  Materials,  177 
Load  Couplers,  137 
Load  Distribution 
Canopy,  308 
Internal,  308 

Suspension  Members,  308 
Load  Prediction,  see  specific  types  of  toed 
Location  Devices,  139 

Malfunctions,  326 

Manned  Spacecraft  Parachute  Landing  Systems,  9 
Manufacture,  143 
Manufacturing  Equipment,  191 
Materials,  also  see  Textiles,  Forms,  143 
Material 

Crushables,  179 
Film,  179 
Honeycomb,  179 
Low  Cost,  184 
Strength,  413, 425 
Testing,  208 
Measure  Units,  xxxv 
Measurement  of 
Acceleration,  232 
Dynamic  Pressure,  232 
Force,  232 
Pressure,  232 
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Pressure  Distribution,  227 
Strain,  227 
Stress,  231 
Temperature,  230 

Mercury  Parachute  Landing  System,  10 

Mid-Air  Retrieval,  66,  319 

Mine  Deceleration,  58 

Miscellaneous  Special  Use  Parachutes,  69 

Missile  Recovery.  5 

Moment  of  Inertia,  345 

Mortars,  431 

National  Parachute  Test  Range,  214 
Naval  Weapons  Center,  China  Lake,  217 
Nominal  Area,  79 
Nominal  Diameter,  73,  79,  299 

Opening  Forces,  253,  341 
Opening  Load 

Factors,  261, 341 
Predictions,  341, 351 
Operations,  197 

Ordnance  Applications,  also  see  specifics,  56 
Oscillation,  see  Stability 

Parachute  Data  Bank,  xxxv 
Parachutes,  design  features 
annular,  92 
bi-conical,  84 
conical,  solid,  83 
cross,  93 

disk-gap-band,  100 
extended  skirt,  flat.  86 
extended  skirt,  hill.  87 
flat-circular,  solid,  82 
glide  (high)  types,  104 
glide  (low)  types,  103 
glide  (medium)  types,  103 
guide  surface,  ribbed,  90 
guide  surface,  riblest,  91 , 92 
hemisflo,  97 
hemispherical,  98 
parafoils,  107 
parawing,  single  keel,  105 
parawing,  twin  keel,  106 
personnel, '23,  24, 47, 49 
ribbon,  conical,  96 
ribbon,  flat-cirbular,  95 
ringsail,  99 
ringslot,  98 
rotafoil,  101 
sail  wing,  108 
volplane,  108 
vortex-ring,  102 


Pilot  Chutes,  130,  428 

Pocket  Bands,  406 

Porosity,  canopy,  289 

Prediction  of  parameters,  see  specific  types 

Pressure  distribution  measurement,  227 

Pressure  measurement,  232 

Pressure  packing,  195 

Quality  Assurrtce,  190 

Range  Instrumentation,  232 
Rate  of  Descent  Measurement,  271 
Release,  canopy,  125 

Recovery  System  Requirements,  also  see  Specific 
System  heading.  1 
Reefing 

canopy  skirt,  295, 409 
drogue.  424 

high  glide  parachutes,  421 
line  cutters,  121 
milti-stage  suspension  line.  298 
rings,  136 

Re-entry  Vehicle  Recovery,  5 
Reliability.  326,  392 

Requirements.  Aerodynamic  Dacelerator,  also  see 
Specific  System  heading,  1.  2 
Retrorockets,  322 
Reynoids  Number,  294 . 

Risers,  187 

RPV  Recovery  Systems,  2 

Sandia  Laboratories,  56,  215 
Sandia  Track,  218 
Scaling  Laws,  331.  332, 406 
Seams,  186 

Similarity  Criteria,  332 
Simulated  Deployment  Testing,  207 
Simulation,  Environmental,  212 
Simulation,  Landing  Condition,  2 ’ 

Skirt  Hesitators,  132 

Sled  Launch  Testing,  204 

Sled  Tow  Testing,  205 

Sled  Tracks,  High  Speed,  217 

Sleeve,  132 

SMART  (Ti'ack),  218 

Smoke  Jumping  Parachute,  68 

Snatch  Force  Derivation,  336,  337 

Snatch  Forces,  236,  242,  336 

Snaps,  136 

SNORT  (Supersonic  Naval  Ordnance  Research 
Track),  217 

Sonar  Buoy  Deceleration,  59 
Sounding  Rocket  Recovery,  5 
Spacecraft  Recovery,  6,  7 
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Special  Use  Parachutes,  66 
Spin  Recovery  Systems,  49 
Sport  Parachute,  67 
"Squidding",  249 
Stability,  299,  378 
Stability,  Dynamic,  307 
Stabilization  Parachutes,  301 
Staging,  Decelerator  System,  422 
Static  Line,  131 

Static  Stability,  Circular  Canopy,  299 

Steady  Aerodynamic  Forces,  262 

Stitching,  Attachments,  186, 188 

Stitching,  Patterns,  186 

Stitching,  Types,  182 

Stowage  Components,  128 

Strain  Measurement,  227 

Strength,  Joints  and  Seams,  182 

Strength,  Material,  42S 

Stress  Measurements,  231 

Support  Testing,  207 

Surface-to-Air  Pick-up,  66 

Surface  Vehicle  (Cars,  etc)  Deceleration,  66 

Suspension  Lines,  Effective  Length,  293, 405 

System  Reliability,  328 

System  Motion,  333 

Tandem  Parachutes,  64,  303 
Target  Drone  Recovery  Systems,  2 
Target  Parachutes.  58 
Tearing  Strength,  209 
Temperature  Measurement,  230 
Temperature  Protection,  426 
Terminal  Phase,  319 
Testing 

Aircraft-Tow,  204 
Air  Permeability,  210 
Coefficient  of  Friction,  210 
(Drop)  From  Aircraft,  200 
Environmental  Simulation,  212 
From  Whirltower,  202 
Material,  208 

Simulated  Deployment,  207 
Sled  Launch,  204 
Sled  Tow,  205 
Support,  207 
Water  Tow,  205 
Wind  Tunnel,  218 
Test  Facilities  and  Equipment,  213 
Test  Methods  and  Capabilities,  198 
Test  Tracks,  217 

Test  Vehicle  Instrumentation,  231 
Test  Vehicles,  224, 227 
Testile 

Fibers  and  yams,  143 


Manufactured,  145 
Natural,  144 
Properties,  144 
Tensile  Strength,  145 
Textile  Forms 

Abrasion  Resistance,  154 
Air  Permeability,  153 
, Cords,  Braided.  1 59 
Fabrics,  173 
Sewability,  154 
Strength  toVyeight  Ratio,  153 
Tear  Resistance,  156 
Threads,  155 
Webbings  and  Tapes,  162 
Tonopah  Test  Range,  215 
Torpedo.  Deceleration,  58 
Towing  (Aircraft)  Testing,  204 
Towing  Body  Wake  Effects,  277 
Track  Test  Vehicles,  227 
Turning  Maneuvers,  277 

Vehicle  Recovery,  General,  2 
Volume,  432 

Wake  Effects,  277 

Wake  Flow  Characteristics,  373 

Wake,  Performance  of  Drpgue  Decelerator,  285 

Wake,  Supersonic,  278,  373 

Wake,  Transonic  and  Supersonic,  283,  375 

Water  impact  (Splashdown),  320 

Water  Tow  Testing,  205 

Weight 

Complete  Decelerator  Pack  Weight,  434 
Complete  Recovery  System  Weight,  434 
Decelerator  System  Optimization,  391 
Parachute.  433 
Whirltower,  202 
White  Sands  Missile  Range,  213 
Wind  Tunnel  Effects,  332 
Wind  Tunnel  Testing,  204,  206,  218 
Wright-Patterspn  Air  Force  Base,  56 

Yuma  Proving  Ground  (U.S.  Army),  215 
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